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ABSTRACT 
 
A cDNA was isolated from soybean (Glycine max) nodules that encodes a 
putative transporter (GmN70).  GmN70 is expressed predominantly in mature nitrogen-
fixing root nodules.  By western-blot and immunocytochemical analyses, GmN70 was 
localized to the symbiosome membrane of infected root nodule cells, suggesting a 
transport role in symbiosis.  To investigate its transport function, cRNA encoding 
GmN70 was expressed in Xenopus laevis oocytes, and two-electrode voltage clamp 
analysis was performed.  Ooctyes expressing GmN70 showed outward currents that are 
carried by anions with a selectivity of nitrate > nitrite >> chloride.  These currents 
showed little sensitivity to pH or the nature of the counter cation in the oocyte bath 
solution.  One-half maximal currents were induced by nitrate concentrations between 1 to 
3 mM.   
A global protein BLAST search for NLAT-related proteins revealed the presence 
of multiple homologs in all plant genomes sequenced with members segregating into 6 
distinct monophyletic clades.  Two genes from Arabidopsis clustering within the same 
clade 1 (chromosome nomenclature:At2g39210 and At2g28120) and shared a high amino 
acid sequence identity with GmN70 (respective 63.7% and 56.3%) and cluster in the 
same clade (Clade 1) as GmN70 and LjN70.  Investigation of the transport properties of 
these two Arabidopsis NLAT-like genes (renamed AtNLAT1;1 [At2g39210] and 
AtNLAT1;2 [At2g28120] showed similar transport properties as GmN70 and LjN70 and 
transported the inorganic anions, nitrate, nitrite, and chloride.  Expression analysis and 
vi 
sub-cellular localization of AtNLAT1;1 show it to be expressed predominately in the leaf 
on the plasma membrane.  Its expression is regulated by a diverse set of biotic and abiotic 
stress signals including Pseudomonas syringae pv. tomato, salicylic acid, salinity, touch, 
and wounding suggesting a role in stress adaptation in plants.  Consistent with these 
findings, transgenic Arabidopsis lines in which AtNLAT1;1 expression is knocked-down 
show an enhanced sensitivity to NaCl as well as a perturbed ionomic profile as revealed 
by inductively coupled plasma-mass spectroscopy (ICP-MS).  Overall, the data presented 
in this body of work have provided insight into the biochemical and biophysical function 
and expression profiles of two members of the NLAT family, GmN70 and AtNLAT1;1. 
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COMPREHENSIVE ABSTRACT 
 
 A cDNA was isolated from soybean (Glycine max) nodules that encodes a 
putative transporter (GmN70).  GmN70 is expressed predominantly in mature nitrogen-
fixing root nodules.  By western-blot and immunocytochemical analyses, GmN70 was 
localized to the symbiosome membrane of infected root nodule cells, suggesting a 
transport role in symbiosis.  To investigate its transport function, cRNA encoding 
GmN70 was expressed in Xenopus laevis oocytes, and two-electrode voltage clamp 
analysis was performed.  Ooctyes expressing GmN70 showed outward currents that are 
carried by anions with a selectivity of nitrate > nitrite >> chloride.  These currents 
showed little sensitivity to pH or the nature of the counter cation in the oocyte bath 
solution.  One-half maximal currents were induced by nitrate concentrations between 1 to 
3 mM.  Voltage clamp records of an ortholog of GmN70 from Lotus japonicus (LjN70; 
K. Szczyglowski, P. Kapranov, D. Hamburger, F.J. de Bruijn [1998] Plant Mol Biol 37: 
651–661) also showed anion currents with a similar selectivity profile.  Overall, these 
findings suggest that GmN70 and LjN70 are inorganic anion transporters of the 
symbiosome membrane with a transport preference for nitrate.  These transport activities 
may aid in regulation of ion and membrane potential homeostasis, possibly in response to 
external nitrate concentrations that are known to regulate the symbiosis.   
 A global protein BLAST search for NLAT-related proteins revealed the presence 
of multiple homologs in all plant genomes sequenced with members segregating into 6 
distinct monophyletic clades.  Two genes from Arabidopsis clustering within the same 
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clade 1 (chromosome nomenclature:At2g39210 and At2g28120) and shared a high amino 
acid sequence identity with GmN70 (respective 63.7% and 56.3%) and cluster in the 
same clade (Clade 1) as GmN70 and LjN70.  Investigation of the transport properties of 
these two Arabidopsis NLAT-like genes (renamed AtNLAT1;1 [At2g39210] and 
AtNLAT1;2 [At2g28120] showed similar transport properties as GmN70 and LjN70 and 
transported the inorganic anions, nitrate, nitrite, and chloride.  Expression analysis and 
sub-cellular localization of AtNLAT1;1 show it to be expressed predominately in the leaf 
on the plasma membrane.  Its expression is regulated by a diverse set of biotic and abiotic 
stress signals including Pseudomonas syringae pv. tomato, salicylic acid, salinity, touch, 
and wounding suggesting a role in stress adaptation in plants.  Consistent with these 
findings, transgenic Arabidopsis lines in which AtNLAT1;1 expression is knocked-down 
show an enhanced sensitivity to NaCl as well as a perturbed ionomic profile as revealed 
by inductively coupled plasma-mass spectroscopy (ICP-MS).  When expressed in 
Xenopus oocytes and using two-electrode voltage clamp technique, AtNLAT1;1 
demonstrated similar transport kinetics as those seen with GmN70.  A detailed 
investigation of conserved residues within the NLAT gene family as well as other 
members of the Major Facilitator Superfamily (MFS) indicates that the NLAT gene 
family is a subfamily of the MFS and contains a specific MFS Pfam domain (PF06813).  
Overall, the data presented in this body of work have provided insight into the 
biochemical and biophysical function and expression profiles of two members of the 
NLAT family, GmN70 and AtNLAT1;1.  
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CHAPTER I 
INTRODUCTION 
 
The Bioavailability of Nitrogen in the Biosphere  
 Molecular nitrogen (N2) is the most abundant gas in the Earth’s atmosphere 
constituting 78% of the atmospheric gases (Newton, 1999).  Nitrogen is required by all 
living things and is assimilated into proteins and nucleic acids and other biological 
molecules essential for life.  However, molecular nitrogen (N2) cannot be directly 
assimilated by plants and animals and thus is a limiting macronutrient in most biological 
systems (Postgate, 1998).  Molecular nitrogen consists of two nitrogen atoms triple 
bonded together making a very stable gas with relatively inert properties.  A large amount 
of energy is required to reduce molecular nitrogen (bond energy = 222 kcal/mol).  This 
process in known as nitrogen fixation and is fundamental to life on earth.  There are two 
natural processes by which N2 can be reduced: 1. by atmospheric nitrogen fixation and 2. 
by biological nitrogen fixation.  Atmospheric lightning and other electrical discharges 
release tremendous amounts of energy that are able to break the triple bond and oxidize 
molecular nitrogen to nitric oxide (NO) which is further reduced to nitric (HNO2) and 
nitrous (HNO3) acids.  These are readily deposited into the biosphere by rainwater as 
nitrate (NO3-) and nitrite (NO2-) (Newton, 1999).  Nitrate and nitrite can be reduced and 
assimilated by plants and bacteria into amino acids, nucleotides and other biological 
molecules.  Although this process generates significant quantities of reduced nitrogen, it 
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only contributes 8 to 15% of the total fixed nitrogen.  It is important, nevertheless, 
because before biological means of nitrogen fixation, this was the only method of 
reducing molecular nitrogen on earth (Vitousek and Matson, 1993).  
During evolution, bacteria acquired the ability to fix molecular nitrogen (N2) by 
biological means.  Bacteria from the order Rhizobiales, and Actinomycetales as well as 
Cyanobacteria are capable of reducing N2 and account for 60% of the total N2 reduction 
with industrial means contributing 25% of the total fixed nitrogen in the biosphere 
(Tilman et al., 2002).  Other than cyanobacteria, all other bacteria require a symbiotic 
relationship with plants or another organism. The enzyme responsible for reducing N2 is 
called nitrogenase which is complexed with a reductase.  The overall equation for 
nitrogen fixation is: 
          N2 +8e- + 16 ATP +16 H2O      !      2 NH3 + H2 16 ADP + 16 Pi  (Equation 1.1) 
This reaction is energetically costly and consumes 16 moles of ATP as well as a 
considerable amount of biosynthetic reducing power, per mole of ammonia produced.  
Furthermore, the nitrogenase enzyme is sensitive to molecular oxygen (O2) which causes 
a rapid and irreversible inhibition of nitrogenase activity (Shaw, 1983; Goldberg et al., 
1987; Bergersen et al., 1976).  Plants protect diazotrophic bacteria by generating a low 
oxygen tension environment (Santana et al., 1998) and supplying a reduced carbon source 
for the production of ATP required for N2 reduction (reviewed in Udvardi and Day, 
1997).  
Symbiotic nitrogen fixation is an energetically costly process and is not the 
preferred source of reduced nitrogen in the biosphere.  In higher plants, nitrate (NO3-) is 
the most important source of inorganic nitrogen in aerobic soils (Unkles et al., 2004; 
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Crawford and Glass, 1998; Daniel-Vedele et al., 1998; Williams and Miller, 2001).  
Nitrate content in the soil can vary by 4 orders of magnitude (Orsel et al., 2002; Behl et 
al., 1988; Williams and Miller, 2001; Forde 2000; Vidmar et al., 2000).  Plants have 
adapted to this change in nitrate availability both at the primary uptake level and by 
variations in how plants store and remobilize nitrate (Williams and Miller, 2001).  Under 
conditions when nitrate is limiting, high-affinity nitrate transporters (iHATS) are 
upregulated.  These transporters have K0.5 for nitrate transport in the µM range, and are 
able to extract nitrate under limiting conditions (Guo et al., 2001; Orsel et al., 2002; 
Quesada et al., 1997; Crawford and Glass, 1998).  Under conditions of excess nitrate, the 
high affinity nitrate transporters are down-regulated and low-affinity nitrate transporters 
(iLATS) become responsible for nitrate uptake (Guo et al., 2001; Liu et al., 1999; Huang 
et al., 1996).  In the last decade many studies have reported on and characterized 
transporters involved in the initial uptake of nitrate from the soil and transport into plant 
cells (for reviews see Forde, 2000; Orsel et al., 2002; Chiu et al., 2004).    
 
Formation of Plant-Rhizobium Associations 
The plant family Leguminosae is the most extensively studied with respect to 
symbiotic nitrogen fixation, and they form symbioses with bacteria in the order of 
Rhizobiales.  The ability of legumes to obtain their nitrogen through symbiosis with 
rhizobia has enormous economical and agricultural benefits by reducing fertilizer use and 
the associated environmental impact.  Among notable species in this family having 
agricultural, biochemical, and genetic importance are: Phaseolus vulgaris (common 
bean), Arachis hypogaea (peanut), Pisum sativum (pea), Lotus japonicus (Miyakogusa), 
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Medicago truncatula (burclover), and Glycine max (soybean).  Lotus japonicus and 
Medicago truncatula are genetic legume models that form determinate and indeterminate 
nodules respectively, and considerable effort has been placed into the sequence and 
annotation of the genomes of these representative legumes as well as the development of 
functional genomic approaches (reviewed in Sato et al., 2007; Stacey et al., 2006)  
The process by which leguminous plants are infected by rhizobia ultimately 
leading to nitrogen-fixing symbiosis is highly complex and involves a temporally 
regulated genetic program and the exchange of  specific signals from both the plant and 
bacteria (reviewed in Limpens and Bisseling, 2003; Oldroyd and Downie 2008).  This 
process can be categorically divided into three main steps: (1) the initiation/preinfection, 
(2) infection and nodule organogenesis, and (3) nodule function and maintenance 
(Hrabak et al., 1985; Franssen et al., 1992; Mylona et al., 1995; reviewed in Gualtieri and 
Bisseling, 2000; Oldroyd and Downie, 2008). 
The initiation of symbiosis occurs when flavonoid compounds from plant roots 
are secreted into the soil (Kijne, 1992; Gualtieri and Bisseling , 2000; Limpens and 
Bisseling, 2003).  The exposure of free-living rhizobia bacteria to these flavonoid 
compounds, triggers the transcription of nodulation genes (Kijne, 1992; Gualtieri and 
Bisseling, 2000; Limpens and Bisseling, 2003).  Up-regulation of nodulation genes 
results in the synthesis of Nod factors (reviewed in Oldroyd and Downie, 2008).  Nod 
factors are lipochito-oligosaccharides, consisting of a backbone of three to five ß-1,4-
linked N-actetylglucosamines bearing a fatty acid on the non-reducing sugar residue 
(Gualtieri and Bisseling, 2000).  Fucosylation and sulfation modifications to these Nod 
factors give specificity to the interactions between the legume species and a given 
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bacterial species (Dazzo and Gardiol, 1985; Spaink, 1996; Gualtieri and Bisseling, 2000; 
Limpens and Bisseling, 2003; reviewed in Oldroyd and Downie, 2008).  Secretion of Nod 
factors by the bacterium has been shown to induce root hair curling and cortical cell 
division (the primodia) which are both necessary for the entrapment of the bacteria and 
the formation of the nodule structure (Dénarié et 1996; Gualtieri and Bisseling, 2000; 
Limpens and Bisseling, 2003). 
The infection process begins with the curling of root hairs around rhizobia in 
response to secreted nod factors (Dazzo and Gardiol, 1985; Mills and Bauer, 1985; 
Udvardi and Day, 1997; Esseling et al., 2003).  Within these root hairs, the cell wall is 
locally hydrolysed, the plasma membrane invaginates, and new cell wall material is 
deposited at the site of infection forming a tube-like structure called “the infection 
thread” (reviewed in Gualtieri and Bisseling, 2000), which grows toward the root cortex.  
Recently considerable effort has been placed on defining the signaling pathway 
involved in nod factor perception and the initiation of nodule organogenesis. (reviewed in 
Geurts et al., 2005; Oldroyd and Downie, 2008).  A breakthrough in this area occurred in 
2003, with the identification of receptor-like kinases (RLKs) which likely form the 
receptor for excreted nod factor.  Using a root hair deformation bioassay and map-based 
cloning, Stougaard and co-workers (Radutoiu et al., 2003) showed that mutations of two 
RLKs with N-acetylglucosamine binding motif extracellular domains (“LysM RLKs”) 
result in loss of the ability to recognize nod factors in Lotus japonicus.  Simultaneously, 
Limpens et al., (2003) showed that RNAi knockdown experiments of the orthologs 
LymK RLK LyK3 from Medicago truncatula results in a similar phenotype.  It has 
become generally accepted that LysM RLKs are the nod factor receptors of legumes that 
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form both determinate and indeterminate root nodules.  Additional events associated with 
early nod factor signaling at the root hair cell include the induction of calcium 
oscillations in the nuclear region (Ehrhardt et al., 1996) and activation of a calcium and 
calmodulin dependent protein kinase (CCamK; Gleason et al., 2006) which activates a 
genetic program inducing early events in rhizobial infection (Oldroyd and Downie, 
2008).  During nodule organogenesis the nodule primodia develops from root cortical 
cells in response to both rhizobia-secreted Nod factors and internal plant signaling 
(Newcomb, 1981).  Nodule primordial cells rapidly divide and differentiate initiating 
nodule organogenesis (Bergersen, 1982).  During this process there is a massive 
upregulation of membrane biosynthesis in the developing “pre-infection” cells and the 
breakdown of the central vacuole (Verma and Hong, 1996) 
 Through an endocytotic event, the bacteria are released into the cytoplasm of 
these “pre-infection” cells maintaining the host/endosymbiont barrier (Gualtieri and 
Bisseling, 2000) which later develops into the specialized organelle membrane known as 
the symbiosome membrane encompassing the endosymbiont (Bassett et al., 1977; 
Robertson et al., 1978; Roth et al., 1988).  These cells further enlarge and differentiate 
ultimately forming in the infected cell in which active nitrogen fixation takes place 
(Kijne, 1992; reviewed in Gualtieri and Bisseling 2000).   
One of the primary functions of the nodule organ is to limit the free O2 because it 
is a potent inhibitor of nitrogenase activity (Shaw, 1983; Goldberg et al., 1987; Bergersen 
et al., 1976), but at the same time is critical to support cellular respiration (Bergersen 
1982).  Thus, during the differentiation of the nodule structure, an “oxygen diffusion” 
barrier is formed.  The control of free oxygen tension is affected by three processes.  
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First, the pO2 is kept low by the high oxygen consumption activity of the bacterial 
endosymbiont and plant infected cell.  Because of the requirements of high amounts of 
ATP during nitrogen fixation, bacterial respiration increases (Bergersen 1982) as well as 
the respiratory activities of the plant-derived nodule tissue.  Second, free oxygen is 
buffered by binding to leghemoglobin (Appleby, 1969; Bergersen, 1982).  Respiration is 
high, so indiscriminately scavenging O2 would be detrimental to the bacteria.  
Leghemoglobin ‘transfers’ O2 in a controlled manner based on the metabolic needs of the 
bacteria which effectively reduces the O2 tension to allow the nitrogenase activity to 
proceed.  Thirdly, the nodule has unique structural properties that restrict gas diffusion 
(Dakora and Atkins, 1989; Carroll et al., 1987; Corby et al., 1983).  The outer cortical 
region is a cork-like suberized layer that restricts gas diffusion into the infection zone 
(Fig. 1.1; Frazer, 1942) due to glycoprotein depostition in the intercellular spaces (Brown 
and Walsh, 1996; Dakora and Atkins, 1989).  However, it is important to mention that 
nodules are not ‘air tight’, but have selective permeability allowing the diffusion of CO2, 
a byproduct of respiration out of the nodule, as well as allowing N2 to diffuse into the 
nodule for reduction by bacterial nitrogenase.  This controlled diffusion is thought to be 
achieved by lenticel pore structures through the suberized outer cortical layer (Ralston 
and Imsande, 1982).  Reversible restriction of oxygen flow into the infected zone is also a 
means through which the rate of nitrogen fixation is regulated in response to 
environmental stresses (e.g., drought, defoliation, and osmotic stress) and metabolic cues 
(availability of alternate nitrogen sources such as nitrate or limited availability of 
photosynthate), (reviewed in Hunt and Layzell, 1993).  
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Figure 1.1.  Morphology of a Mature Soybean Nodule.  A. Tissue from post 28-day 
old soybean nodules was fixed and sectioned as described in Materials and Methods. 
Low magnification light micrograph of a nodule.  Size bar = 150 µm.  B.  At higher 
magnification an electron micrograph of the infected cell cytosol showing a 
symbiosome. Star ‘*’ labels the bacteroid. ‘SM’ indicates the symbiosome membrane.  
*
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Nodule Maturation and Biogenesis of the Symbiosome 
In the nodule function and maintenance phase of nodulation, the bacteria multiply 
and develop into bacteroids (the symbiotic form of rhizobia; Fig 1.1) housed within the 
‘infected’ cell,’ where active nitrogen fixation takes place.  During the process of 
nitrogen assimiliation, ammonia released from the bacteroid is incorporated into 
glutamate to form glutamine by glutamine synthase within the the cytosol of the infected 
cell.  Glutamine is transferred to the plastid for the recycling of the glutamate and the 
incorporation of the reduced nitrogen into purines.  In soybean, purines are shuttled into 
uninfected cells through the connecting plasmodesmata.  The ‘uninfected’ cells of the 
soybean nodule participate in assimilation of reduced nitrogen by converting purines into 
ureides which are transported throughout the rest of the plant.   
In mature nitrogen fixing root nodules, the endosymbiotic rhizobia bacteroids are 
enclosed in symbiosomes, the fundamental nitrogen-fixing unit of the nodule (Roth el al., 
1988; Udvardi and Day 1997; reviewed in Gualtieri and Bisseling, 2000; Fig. 1.1).  There 
can be thousands of symbiosomes in a mature infected cell and these organelles occupy 
much of the volume of these unvacuolated specialized plant cells. (Udvardi and Day, 
1997).  One of the key features of the symbiosome is the symbiosome membrane (SM) 
which is a plant-derived membrane that encloses the bacteroids.  The SM has a dual 
function.  One function of the SM is to physically sequester the bacteria in a controlled 
manner so as to prevent the bacteroid from being recognized by the plant defense 
mechanisms as a pathogen which would trigger a plant defense response (Werner, 1992).  
The second function of the SM is the primary exchange of metabolites between the 
bacteroid and the plant.  This includes the uptake of a reduced carbon source provided by 
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the plant for the bacteria and the efflux of reduced nitrogen from the bacteroid into the 
cytoplasm of the plant cell (Udvardi et al., 1988; Udvardi and Day, 1997; Day et al., 
2001).  Specific functions associated with the symbiosome membrane are discussed 
further below.  
 
Nodulin Genes 
With the onset of nodule organogenesis, specific genes of host origin are 
expressed in a nodule-specific manner.  The term ‘nodulin’ was originally used to 
describe these nodule-specific host polypeptides that are up-regulated during nodule 
development and are expressed exclusively in the nodule and are involved in the 
development and maintenance of the nodule (Legocki and Verma, 1980).  In recent  
years, this original definition has come under scrutiny with the fact that many previously 
described nodulins have been shown to be expressed in other plant tissues when assayed 
with more sensitive expression analysis techniques such as RT-PCR (Takane et al., 
1997).  In this respect, the original nodulin concept is over-simplistic; in reality there are 
probably few genes that are expressed exclusively in nodules.  Regardless of whether 
these genes are nodule-specific or up-regulated in nodules, they are likely to be important 
for symbiotic nitrogen fixation and the term “nodulin” will be used for both situations. 
 Nodulin genes have typically been classified into two groups based on when they 
are expressed during nodule development.  These groups are early (ENODs) and late 
(NODs) nodulins (Hirsch, 1992; Kijne, 1992).  Genes involved in flavonoid biosynthesis 
and secretion, cell-wall remodeling, transcription factors and receptor-like kinases have 
been shown to be involved in the early stages of nodule development (Charon et al., 
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1997).  Among the notable early nodulin genes is ENOD40, which is associated with the 
earliest phases in nodule organogenesis (Compaan et al., 2001) and is thought to have a 
regulatory role in the establishment of the nodule organ (Vijn et al., 1995, Yang et al, 
1993, Charon et al., 1997).  Overexpression of ENOD40 leads to an acceleration of 
nodulation (Staehelin et al., 2001) whereas silencing impairs nodule development and 
aberrant nodules are formed (Kumagai et al., 2006). The gene product of ENOD40 is a 
small polypeptide of 10 to 13 amino acids long and may function as a signaling peptide 
affecting auxin/ethylene biosynthesis although its exact function has not been clearly 
defined (Vijn et al. 1995).   
 Nodule-specific cell wall modifying proteins (ENOD2 and ENOD12) have also 
been identified during the early stages of nodule development.  Glycine max Ngm-75 and 
its ortholog in pea (ENOD12) have been shown to be involved in the formation of the 
root nodule structure and have been localized in root hairs (Csanadi et al., 1994).  It is 
proposed that the function of ENOD12 may be formation of the nodule structure because 
the gene product is similar to hydroxy-Pro-rich cell wall glycoproteins found in non-
symbiotic plants (Franssen et al., 1992). 
 Genes involved in leghemoglobin biosynthesis (O’Brian et al., 1987; Santana et 
al., 1998), ureide formation (Todd et al. 2006), ammonia assimilation (Cullimore et al., 
1984; Tingey et al., 1987; Schroder et al., 1997), sucrose synthesis (Gordon et al., 1999), 
and transport processes required for metabolism during active nitrogen fixation have been 
described in the literature as late nodulins because their expression occurs after the 
establishment of nitrogen fixing symbiosis.  Moreover, these proteins play key metabolic 
roles in the maintenance of the nitrogen fixing symbiosis.  Among these are a set of 
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membrane proteins that are targeted to the symbiosome membrane.  Below are 
summarized the biochemical activities associated with this symbiotic interface and what 
is presently known regarding the identity of nodulin gene products on this membrane. 
 
Biochemical/Transport Functions of the Symbiosome Membrane 
The symbiosome membrane is a highly specialized membrane that delimits the 
symbiosome, the unique symbiotic organelle of the nodule (Roth et al., 1988).  The 
symbiosome membrane separates the rhizobia endosymbiont from the rest of the plant, 
and mediates metabolite fluxes into and out of the symbiosome.  Transport processes 
across the membrane are specialized and require a unique set of transporters/channels in 
order to maintain plant-rhizobial symbioses.  As described in equation 1.1, ammonia 
(NH3) is the primary product formed by the nitrogenase enzyme.  This end product is 
effluxed from the symbiosome and becomes rapidly assimilated by glutamine synthetase 
to glutamine in the infected cell cytosol before entering the plant nitrogen pool as either 
amides (temperate legumes) or ureides (tropical legumes).  In soybean, free ammonium 
(NH4+) is transported across the symbiosome membrane and converted to glutamine by 
glutamine synthetase and shuttled into ureides for further assimilation into proteins, 
nucleotides and other biomolecules. 
The transport pathway for the efflux of ammonia and/or ammonium have been 
extensively investigated (reviewed by Day et al., 2001) and several distinct pathways 
have been proposed.  Initially, because of its ability to diffuse across lipid bilayers, a 
mechanism for release of fixed nitrogen in the form of ammonia gas (NH3) by simple 
diffusion was proposed (Udvardi and Day, 1990).  However,  because the symbiosome 
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luminal space is predicted to have an acidic pH as a result of the proton pumping action 
by both the symbiosome membrane ATPase and the bacteroid ATPase, NH4+ is 
presumably the predominate form of fixed nitrogen inside the symbiosome space.  
Consequently, work by Tyerman and co-workers biochemically characterized the efflux 
of ammonium (NH4+) in isolated Glycine max symbiosomes by patch-clamp recording, 
and found a non-selective cation channel activity that transports the cation, NH4+ 
(Tyerman et al., 1995).  Interestingly, it was found that the channel was blocked by 
divalent metal ions suggesting that ammonium efflux is a regulated process.  In 
particular, divalent cations provide a mechanism for voltage regulation of the channel and 
serves as a “gating particle” (Tyerman et al., 1995; Whitehead et al, 1998; Obermyer and 
Tyerman, 2005).  The channel is blocked on the cytosolic side by a divalent cation (either 
Ca2+ or Mg2+) preventing the flux of NH4+ or other monovalent cations into the 
symbiosome space from the cytosolic compartment.  Upon hyperpolarization of the 
membrane (via a H+-ATPase, see discussion below), the divalent metal is displaced from 
the channel and NH4+ is transported in the direction of the cytosol from the symbiosome 
space (Tyerman et al., 1995; Whitehead et al., 1998).  Thus, this channel is “inwardly 
rectified” showing directional efflux into the cytosol.  A similar activity has been 
demonstrated on the Lotus japonicus symbiosome which also transports Ca2+ (Roberts 
and Tyerman, 2002).  
The passive efflux of uncharged ammonia (NH3) through a facilitated transporter 
has also been investigated in purified symbiosome membranes by stopped-flow 
spectrophotometry (Niemietz and Tyerman, 2000).  In this study, it was shown that NH3 
transport was rapid and showed protein facilitated transport.  In particular, transport is 
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inhibited 42% by the sulfhydryl-modifying compound mercury (HgCl2) and inhibition is 
reversible with ß-mercapthethanol suggesting cysteine modification.  Reversible mercury 
inhibition of transport is a well-characterized property of Major Intrinsic Proteins (MIPS) 
suggesting that ammonia efflux could be mediated by a MIP channel.  The only known 
MIP channel on the symbiosome membrane is nodulin 26, also known as GmN26 
(Wallace et al., 2006).  Consistent with these results, purified native GmN26 reconsituted 
into liposomes was shown by stopped-flow spectrophotometry to transport ammonia 
(NH3) with similar kinetics (Niemietz and Roberts unpublished results).   
GmN26 was first identified in soybean symbiosome membranes by Verma and 
co-workers (Fortin et al., 1987) and was demonstrated to be the major proteinaceous 
constituent of the symbiosome membrane constituting 15% of the symbiosome 
membrane protein mass (Weaver et al., 1991; Dean et al., 1999).  Sequence similarity 
(Shiels et al., 1988; Sandal and Marcker, 1988) and homology modeling (Wallace and 
Roberts, 2004) classifies GmN26 in the Major Intrinsic Protein (MIP) family.  MIPs 
typically mediate the bi-directional flow of small uncharged solutes (such as water and 
glycerol) and are represented by the widely known “aquaporin” family of proteins (Agre 
et al, 2002). 
Major Intrinsic Proteins in higher plants are particularly diverse, with four distinct 
phylogenetic families with different transport functions (reviewed in Johnson et al., 2001; 
Wallace et al., 2006).  GmN26 is a member of the “Nodulin-like intrinsic protein” (NIP) 
subfamily and has been shown to transport water, glycerol, and ammonia (Rivers et al., 
1997; Dean et al., 1999; Niemietz and Tyerman 2000).  Interestingly, it has been shown 
that GmN26 is phosphorylated by the calcium dependent protein kinase (CDPK; Weaver 
 15
et al., 1991) that is co-localized to the symbiosome membrane and it has been shown that 
phosphorylation  enhances its water permeability (Guenther et al., 2003).  Given its 
multifunctional transport properties, GmN26 likely plays multiple roles as an 
aquaglyceroporin on the symbiosome membrane (Wallace et al., 2006).  One possible 
role that GmN26 may play in symbiosis is to regulate water homeostasis during osmotic 
challenge (Guenther et al., 2003), since it is responsible for the high osmotic water 
permeability characteristic of this organelle (Rivers et al., 1997).  In addition, because of 
its ammonia (NH3) permeability, it may have an auxiliary function in ammonia flux from 
the symbiosome, depending on the pH of the symbiosome space. (Niemietz and 
Tyerman, 2000). 
 
Transport of C4-Dicarboxylates: the Carbon Source of Nitrogen Fixation.  
As discussed above, nitrogen fixation is an energetically costly process  requiring 
16 moles of ATP per mole of ammonia formed.  Therefore a carbon source is essential 
for bacteroid respiration to support nitrogen fixation.  Transport of carbon substrates has 
been investigated extensively on the symbiosome membrane and the bacteroid, and it has 
been determined that hexose sugars and disaccharides are not the primary carbon source 
for the bacteroid during symbiosis (Reibach and Streeter, 1984; de Vries et al., 1982; 
Glenn and Dilworth, 1981; Hudman and Glenn, 1980; reviewed in Udvardi and Day., 
1997).  Instead C4-dicarboxylates (mainly malate and succinate) are transported and 
utilized by the bacteroid.  This has been evidenced by the fact that isolated bacteroids can 
readily use dicarboxylates for respiration and nitrogen fixation, and that the dicarboxylate 
transport (dct) system of rhizobia bacteria is essential for the support of nitrogen fixation 
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(Yurgel and Kahn, 2004).  In fact, a genetic defect in the rhizobial dicarboxylate 
transporter dctA results in the formation of fix- nodules (Ronson et al., 1981; Udvardi and 
Day, 1997; Yurgel and Kahn, 2004).  In addition, the characterization of the permeability 
of the symbiosomes to various carbon substrates shows the prevalence of a malate and 
succinate transport activity but no transport of sugars or other organic substrates (Udvardi 
et al., 1988; Ou Yang et al., 1990; Udvardi and Day, 1997). 
C4-dicarboxylates in plants are derived from sucrose produced in photosynthetic 
tissues.  The glycolytic pathway converts sucrose to phosphoenolpyruvate (PEP) which is 
converted to oxaloacetate by PEP carboxylase (Xu et al., 2007).  Oxaloacetate is a TCA 
intermediate and is readily converted to malate by malate dehydrogenase (Mellor and 
Werner, 1990; Werner, 1992; reviewed in Day et al., 1994;).  With respect to the 
symbiosome membrane, malate is transported across the symbiosome membrane using 
the electrochemical gradient established across the membrane as the driving force for 
transport.  The luminal space of the symbiosome is acidic and has a positively-charged 
membrane potential (!!) which is the driving force for the uptake of malate into the 
symbiosome.  Although the C4-dicarboxylate transport activity on the symbiosome 
membrane has been biochemically defined (Udvardi et al., 1988), the transporter 
responsible has not been identified at the molecular level. 
A key component responsible for energizing the symbiosome membrane is a 
proton pumping H+-ATPase which has been demonstrated on the symbiosomes of 
various legumes (Bassarab et al., 1986; Blumwald et al., 1985; Verma et al., 1978; 
Domingan et al., 1988).  Based on its sensitivity to vanadate and K+, the symbiosome 
membrane ATPase was classified as a plasma membrane or “P-type” ATPase and not of 
 17
vacuolar origin (Udvardi and Day, 1989; Fedorova et al., 1999).  The H+-ATPase 
energizes the symbiosome membrane by pumping protons (H+) into the luminal space of 
the symbiosome generating a !pH as well as a !! with the inside more acidic and more 
positively charged relative to the cytosol.  Establishment of this proton-motive force 
(PMF) allows secondary transport of anion metabolites into (e.g. dicarboxylates) and 
cations out (e.g. NH4+) of the symbiosome space.  In addition, since the inwardly-
rectified cation-efflux channel is voltage gated (V0.5 =  -86 mV; Roberts and Tyerman, 
2002), the H+-ATPase will coordinately regulate NH4+ release via this channel  Another 
function of the H+-ATPase on the symbiosome membrane could be to regulate bacterial 
nitrogenase activity since nitrogenase is inhibited at a low pH (Szafran and Haaker, 
1995).  Acidification of the symbiosome space could also trigger senescence of the 
bacteroids since the symbiosome space contains pH-activated acid hydrolases, and the 
symbiosome is considered a lytic vacuole (Mellor, 1989). 
The release of reduced nitrogen and the uptake of dicarboxylates represent the 
crucial metabolic exchange of the symbiosis, but other critical transport functions have 
been documented on the symbiosome membrane.  For example, the uptake of divalent 
metals is essential to support the symbiosis, and symbiosome transporters for Fe2+ and 
Zn2+ have been identified by yeast complementation assays.  Kaiser et al., (2003) 
identified a member of the NRAMP family of metal transporters (GmDMT1) which 
transports ferrous iron (FeII).  GmDMT1 shows nodule-enhanced expression and is 
localized to the symbiosome membrane (Kaiser et al., 2003).  Given the importance of 
iron for bacteroid metabolism, including as a key cofactor of nitrogenase, a role in 
support of the symbiosis was proposed.  A second metal ion transporter nodulin was 
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identified by a similar screen (Moreau et al., 2002) and was shown to be a Zn2+ 
transporter on the ZIP family.  Based on map-based cloning of fix- mutants of Lotus 
japonicus, an additional symbiosome membrane nodulin transporter, Sst1, was identified.  
This protein mediates sulfate uptake in support of symbiosis (Krusell et al., 2005). A 
summary of known symbiosome membrane transporters and transport activities at the 
outset of this study are summarized in Table 1.1. 
 While a number of transport functions have been elucidated for the symbiosome 
membrane, in many cases the gene products responsible for these activities remain 
undefined.  Conversely, analysis of the nodulin genes and proteins that are expressed 
during nodule organogenesis have revealed putative membrane “orphan” transporter-like 
proteins of unknown function.  Additionally, with the advent of proteomic approaches, a  
 
Table 1.1.  Documented Transport Processes on the Symbiosome Membrane 
Transporter Transport Activities Ref 
Unidentified anion transporter Chloride, nitrite, nitrate (3) 
Non- selective cation channel Ammonium, potassium, calcium release (2) 
H+-ATPase Protons (ATP dependent) (3) 
Nodulin 26 Water, glycerol, ammonia (4,5,6) 
GmZIP1 Zinc (7) 
Ca2+-ATPase Calcium Ca2+ into symbiosome (8) 
GmDMT1 Fe2+, Mn2+, Cu2+, Zn+ (9) 
Dicarboxylate transporter Malate, succinate uptake (10) 
SST1 Sulfate (11) 
 
 (2) Tyerman et al., 1995; (3) Udvardi and Day, 1989; (4) Rivers et al., 1997; (5) Dean et al., 1999; (6) Niemietz and 
Tyerman, 2000; (7) Moreau et al., 2002; (8) Andreev et al., 1999; (9) Kaiser et al., 2003; (10) Ouyang et al., 1990; (11) 
Krusell et al., 2005. 
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number of potential regulatory and transport proteins have been found associated with the 
symbiosome membranes from Lotus japonicus (Wienkoop and Saalbach, 2003) and 
Medicago truncatula (Catalano et al., 2004).  However, detailed analysis of the functional 
properties of these proteins and verification of actual symbiosome membrane localization 
and specificity in most cases remains unconfirmed. 
The focus of this dissertation has been on the analysis of one of these putative 
transport proteins called Nodulin70.  Nodulin70 was originally discovered by 
Szczyglowski et al. (1998).  By using an mRNA differential display technique following 
the expression pattern of leghemoglobin (a well-characterized late nodulin gene), 
Szczyglowski  and co-workers generated an EST library of cDNAs transcribed late in 
nodule development in the model legume Lotus japonicus (Szczyglowski et al., 1997).  
Since expression of late nodulin genes has been observed after the establishment of 
nodule structure, it is postulated that they may play a direct role in the maintenance of 
symbiosis as well as transport of metabolites between the plant and bacteroid.  One 
cDNA that was isolated from this EST libraty was LjN70 (Lotus japonicus Nodulin 
Protein with a deduced molecular weight of 70 kD; Szczyglowski et al., 1998). 
 Characterization of the deduced amino acid sequence encoded by this cDNA 
shows a polytopic membrane protein with sequence homology to the Major Facilitator 
Superfamily protein, OxlT, the oxalate/formate exchange protein of Oxalobacter 
formigenes (15% identity, 30% similarity).  Based on this similarity, Szczyglowski et al. 
(1998), suggested that LjN70 may be an anion/carboxylate transporter.  While the finding 
of a putative carboxylate transport protein in Lotus japonicus is provocative given the 
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characterized dicarboxylate transport activity necessary for symbiosis, little was known 
regarding the biochemistry and metabolism of infected cells of L. japonicus nodules.   
Glycine max (soybean) is among the best studied legume in terms of nodule 
biochemistry and physiology.  Clearly, the agronomic knowledge of soybean far exceeds 
that of any model legume.  The biochemical and developmental bases of seed 
development, flowering, maturity, nodulation and nitrogen fixation, and disease 
resistance traits have been extensively analyzed in soybean (Udvardi et al., 1997).  
Soybean grows very quickly, nodulates very easily, and can be propagated in a large 
experimental setting.  Also metabolite transport across the soybean symbiosome 
membrane is well- characterized compared to model legumes.  For these reasons, we 
initiated this project with the goal of: 1. identifying the ortholog of LjN70 in soybean 
nodules and 2. identifying the transport functions associated with this protein.  During the 
course of this study, we discovered that these proteins are encoded by a larger gene 
family, and thus likely play a more diverse physiological transport role beyond legume-
nitrogen fixing symbiosis. 
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CHAPTER II 
 MATERIALS AND METHODS  
 
Plant Growth and Transformation Techniques   
For the production of root nodules, soybean seeds (Glycine max cv Essex) were 
surface sterilized with sodium hypochlorite (0.03%; bleach) for 1 hour and were then 
washed with de-ionized water for 1 hour before planting.  Seeds were planted in 
vermiculite and watered at the time of planting with Herridge’s solution (Eskew et al., 
1993; K2HPO4, 22 mg/L; KH2PO4, 17 mg/L; MgSO4•7H2O, 250 mg/L; CaCl2•2H2O, 37 
mg/L; ferric monosodium EDTA, 9 mg/L; H3BO3 0.71 mg/L; MnCl2•4H2O, 0.45 mg/L; 
ZnCl2, 0.03 mg/L; CuCl2•2H2O, 0.01 mg/L; NaMoO4•2H2O, 0.005 mg/L).   
For soybean nodulation, Bradyrhizobium japonicum strain USDA 110 was used.  
Bacteria were grown in Bergersen’s minimal medium (BMM): 270 mg/L 
NaH2PO4•7H2O; 80 mg/L MgSO4•7H2O; 3 mg/L FeCl3•6H2O; 3.7 mg/L ferric 
monosodium EDTA; 30 mg/L CaCl2•2H2O; 0.0025 mg/L MnSO4•4H2O; 0.03 mg/L 
H3BO3; 0.03 mg/L ZnSO4•7H2O; 0.0025 mg/L NaMoO4•2H2O; 0.1 mg/L biotin; 1 mg/L 
thiamine; 10g/L mannitol; 0.5 g/L sodium glutamate; 0.5 g/L yeast extract; pH 6.8-7.1. 
For starter cultures, 50 ml of BMM was inoculated with a single bacterial colony and was 
grown to mid-log phase (A600 = 0.6) at 30 "C with shaking.  This small culture was used 
to inoculate a large 400 ml BMM culture which was grown between 2-4 days at 30 "C 
with shaking.  The culture was diluted 1:10 with Herridge’s solution, and was used to 
inoculate 30 pots of soybeans with approximately 12 seeds per pot.  Soybean plants were 
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grown in vermiculite under greenhouse conditions with the general watering regime 
described by Weaver et al. (1991).  The inoculation was repeated after 10-14 days with 
an additional B. japonicum inoculum prepared as described above.  Plants were watered 
on alternating weeks with Herridge’s solution or water. 
Prior to planting, seeds of Arabidopsis thaliana ecotype Columbia were surface 
sterilized with 50% (v/v) ethanol for 1 minute and then with a solution of 50% (v/v) 
bleach, and 0.1% (v/v) Tween 20 for 10 minutes.  Seeds were rinsed 5 times with 1 ml  of 
sterile distilled H2O and were plated onto 0.5 X Murashige and Skoog (MS) basal 
medium agar supplemented with sucrose (Cat # M9274; Sigma-Aldrich, St. Louis, MO).  
Seeds were stratified and imbibed at 4" C for 48 hours before being placed in plant 
growth chambers (21°C, 200 µmol m"2s"1, under a long day 16/8-h light/dark regime).  
For experiments using soil grown plants, 14-day-old seedlings were transferred to 
sterilized potting soil consisting of 1 part vermiculite and 2 parts Promix® BX soil 
(Premier Horticulture, DORVAL, Quebec).  For protoplast isolation experiments, plants 
were grown under short-day conditions (21" C, 200 µmol m"2s"1, under a 8/16-h 
light/dark regime) in order to delay flowering and generate more leaf material per plant. 
 Plant transformation of Arabidopsis was carried out using the floral dip method 
(Clough and Bent, 1998).  Plant inflorescences were submerged into mid-logarithmic 
cultures (A600 = 0.8) of Agrobacterium tumefaciens strain GV3101 in 5% (w/v) sucrose 
and 0.05% (v/v) Silwet-L77 (Lehle Seeds, Round Rock, TX) for 1 minute.  Plants were 
covered with clear plastic and then placed in a growth chamber under normal long-day 
lighting conditions (16 hour light/8 hour dark; 22 "C) to prevent desiccation of 
inflorescences.  Inflorescences were allowed to mature and set seed.  Seed was collected 
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and stored at room temperature until the time of germination.  Germination of seed and 
selection of transformants were done on 0.5 X Murashige and Skoog (MS) basal agar 
medium supplemented with sucrose as described above with the exception that antibiotic 
was added at the following concentrations: AtNLAT1;1 overexpression lines, 25 #g/ml 
kanamycin; AtNLAT1;1 promoter::GUS lines, 20 #g/ml hygromycin. 
 
Plant Stress Treatments 
 For testing the effects of abiotic and biotic stress on gene expression, fourteen-day 
old Arabidopsis plants (Col-0) were grown on ½ MS agar plates under long day 
conditions before stress treatment.  AtNLAT1;1 promoter::GUS transgenic plants were 
grown in soil for three weeks.  Stress treatments were the same as described below except 
that tissue was harvested at 24 hours post-treatment before being processed for GUS 
staining (See Other Histochemical Techniques section).  Mock treatments were the 
same as below.  
For salicylic acid treatment, plants were sprayed with 5 mM salicylic acid or H20 
(negative control) and placed back into the growth chamber (Narusaka et al., 2004). 
Tissue was harvested at 2, 4, 6, 24 hours post-treatment and immediately frozen in liquid 
nitrogen and stored at -80 "C. 
For plant pathogen experiments, Pseudomonas syringae, strain pv. tomato 
DCT6D1 (a gift from Dr. Bonnie H. Ownley, University of Tennessee, Department of 
Entomology and Plant Pathology) was used (Moore 1989).  For starter cultures, 25 ml of 
yeast peptone dextrose (YPD, 20 g/L peptone, 10 g/L yeast extract, 2 % w/v dextrose, pH 
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7.0) was inoculated with a single colony and incubated at 23 "C for 18 hours.  Bacteria 
were collected by centrifugation (3,000 x g 10 min), and were resuspended in deionized 
H2O at a concentration of 1 x 105 bacteria per ml.  Plants were sprayed with either the 
bacterial suspension or water (mock treatment) as described previously (Laird et al., 
2004).  Plants were returned to the growth chamber and tissue was harvested at 2, 4, 6, 
24, and 48 hour post inoculation, and was frozen in liquid nitrogen and stored at -80 "C.  
For analysis of AtNLAT1;1 gene expression in AtNLAT::GUS fusions, three week old 
plants carrying the AtNLAT1;1::GUS line were infiltrated with 1 x 105 P. syringae pv. 
Tomato DCT6D1 per ml with a 22 gauge needle.  In mock treatments, the bacterial 
suspension was replaced with deionized H2O.  
For experiments involving salinity stress, plants were sprayed with 250 mM NaCl 
till soaked.  Plants were returned to the growth chamber and tissue harvest was done as 
described previously (Mizoguch et al., 1996).  Tissue was harvested at 2, 4, 6, and 24 
hours post-treatment and was immediately frozen in liquid nitrogen and stored at -80 "C.  
For analysis of AtNLAT1;1 gene expression in AtNLAT1;1 promoter::GUS fusion plants, 
three week-old plants were watered with 250 mM NaCl for 24 hours prior to GUS 
staining. 
 
 RNA Isolation  
For experiments involving soybean, RNA was extracted from plant tissues by the 
guanidinium thiocyanate method (Sambrook et al., 1989; Chirgwin et al., 1979) and was 
purified by differential LiCl precipitation (Ausubel et al., 1987).  The final total RNA 
product was re-dissolved in diethylpyrocarbonate (DEPC)-treated H2O and was stored at 
 25
-80 "C.  Total RNA was quantitated by measuring the absorbance at 260 mn in a UV 
spectrophotometer (Ultrospec 2000, Pharmacia Biotech).  An extinction coefficient of 40 
#g/ml for single stranded RNA based on 1 cm path length for a 1 O.D. absorbance at 260 
nm was used for quantitation.  The A260/A280 ratio of RNA was also analyzed for protein 
contamination with a ratio greater than 1.8 being an acceptable index for pure RNA.  
Total RNA integrity was analyzed by 1% (w/v) agarose gel electrophoresis with 
visualization by ethidium bromide staining and assessing the integrity of the rRNA 
bands. 
For Arabidopsis plant samples, total RNA was isolated from tissue samples 
(~200mg) using the Plant RNA Purification Reagent (Invitrogen, Carlsbad, CA, U.S.A) 
followed by a DNase I treatment to remove contaminating genomic DNA (DNA-freeTM 
kit, Ambion, Austin, TX, U.S.A).   
 
Molecular Cloning Techinques I : Cloning of GmN70 from Soybean Nodules 
Oligonucleotides used for cDNA synthesis and PCR for cloning are summarized 
in Table 2.1.  Oligonucleotides were purchased from IDT (Coralville, Iowa).  For the 
molecular cloning of GmN70, from root nodules, a set of primers (GmN70-1-F and 
GmN70-1-R) was designed based on the DNA sequences of five putative Major 
Facilitator Superfamily (MFS) transport proteins: LjN70 (Szczyglowski et al., 1998) and 
four LjN70-like proteins found in Arabidopsis (accession numbers: AAF79282, 
AAC28987, AAD55297, AAC98454).  Soybean cDNA was generated by reverse 
transcription (RT) using total RNA derived from 28-day old Glycine max nodules.  
Briefly, total RNA was treated with DNase to remove contaminating genomic DNA 
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cDNA or 
Gene Direction Sequence
a Name 
GmN70 Forward TATGACCAATCCACTCTCAAT GmN70-1-F 
GmN70 Reverse GTATGACCCAATTGGACTTGC GmN70-1-R 
GmN70 Reverse 5’ phosphorylated-GCCTATGCCGATGTAG GmN70-2-R 
GmN70 Forward GTCCTCGCCATTGGTGCCATC GmN70-3-F 
GmN70 Reverse GGCCTGAGATGACCCCCAACG GmN70-3-R 
GmN70 Forward CTCAACTCTTTGGCTACTTCATG GmN70-4-F 
GmN70 Reverse GGAGATTGAGAGTGGATTGGTC GmN70-4-R 
GmN70 Forward ATGGTAGTTGGAGGTTCGAATACC GmN70-5-F 
GmN70 Reverse TTACTTCTGAGTTGGCATCACATG GmN70-5-R 
    
AtNLAT1;1 Forward CGCGGATCCATGGTGGCTGCAAGTCC AtNLAT1;1-1-F 
AtNLAT1;1 Reverse GGACTAGTTTACCCTCCTTTTCCTATTACTTTGC AtNLAT1;1-1-R 
AtNLAT1;1 Forward CCCATGGTGGCTGCAAGTCCC AtNLAT1;1-2-F 
AtNLAT1;1 Reverse CCCCATGGCTCCTTTTCCTATT AtNLAT1;1-2-R 
AtNLAT1;1 Forward GGATCCATGTGTAGGTTAAAACTGGAAATCC AtNLAT1;1-3-F 
AtNLAT1;1 Reverse GGATCCTTTTGGGTTTTAGGAGAGAAGTGTG AtNLAT1;1-3-R 
AtNLAT1;1 Forward GCTTTACACAAAGCGAGTTT AtNLAT1;1-4-F 
AtNLAT1;1 Reverse CAAAGCTTCTTCTCTTCCAA AtNLAT1;1-4-R 
AtNLAT1;1 Forward CACCATGGTGGCTGCAAGTCCC AtNLAT1;1-5-F 
AtNLAT1;1 Reverse TTACCCTCCTTTTCCTATTACTTTGCC AtNLAT1;1-5-R 
    
AtNLAT1;2 Forward GGACTAGTAAGATGGGAAACGACGAGAC AtNLAT1;2-1-F 
AtNLAT1;2 Reverse GGACTAGTTTATTTACCAACAAATTCAACAGC AtNLAT1;2-1-R 
    
Flag M2 Forward GATCCGAATTCATGGACTACAAAGACGACG ACGACAAAA Flag-1-F 
Flag M2 Reverse GATCTTTTGTCGTCGTCGTCTTTGTAGTCCA TGAATTCG Flag-1-R 
Table 2.1. Primers Used in Cloning 
All sequences are shown in the 5’ to 3’ orientation.
 27
(DNA-free$ Kit, Ambion, Austin, TX, USA) and was used as a template (4 #g per 
reaction) to generate cDNA using the Superscript$ First-Strand System for RT-PCR 
(Invitrogen, Carlsbad, CA,  
USA).  Subsequent PCR was performed with the GmN70-1-F and GmN70-1-R primers 
using a touchdown PCR protocol: (PCR parameters: denaturation 94 "C, 1 min; annealing 
30 sec; extension 72 "C 2 min; the annealing temperature was decreased in two-degree 
steps every third cycle from 65 "C to 57 "C, followed by final 15 cycles with an 
annealing temperature of 48 "C).  The resulting PCR fragment was cloned into a TOPO-
TA vector (pCR2.1) following the manufacturer’s protocol (Invitrogen, Carlsbad, CA, 
USA).  Transformants were confirmed by PCR analysis following the original PCR 
parameters described above as well as by restriction mapping with EcoRI.  Automated 
DNA sequencing was performed on a Perkin Elmer Applied Biosystems 373 DNA 
sequencer at the University of Tennessee Molecular  Biology Research Facility 
(Knoxville, Tenn., USA) using M13 reverse and forward primer sites on the TOPO-TA 
plasmid. 
The  5’ end of the GmN70 cDNA was identified and analyzed by using 5’ RACE 
(Rapid Amplification of cDNA Ends) using the RACE Core Set, 5'-Full$ kit from 
Takara USA (Madison, WI).  For the 5’-RACE protocol, total RNA was extracted from 
nodules of 28-day old soybean plants and cDNA was synthesized with reverse 
transcriptase (RT) using a phosphorylated reverse primer (GmN70-2-R) following 
manufacturer’s protocol.  This generated a cDNA product that extended into the un-
sequenced 5’ area of the GmN70 mRNA.  The cDNA was circularized in a ligation 
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reaction by taking advantage of the phosphorylated 5’ end of the synthesized cDNA.  
PCR amplification was performed on the circularized product using the primers GmN70-
3-F and GmN70-3-R with the following PCR parameters: 94 "C for 5 minutes; followed 
by 25 cycles of: 94 "C 30 seconds, 55 "C 30 seconds, 72 "C 30 seconds; with a final 
elongation cycle of 72 "C for 7 minutes.  This was followed by a second round of 
amplification using a set of nested primers (GmN70-4-F, GmN70-4-R) with the same 
PCR parameters.  A ~300 bp product was obtained and ligated intoTOPO-TA vector 
(pCR®2.1) vector and automated DNA sequencing was performed as described above. 
 To identify the missing 3’ region of the GmN70 ORF, a Glycine max expressed 
sequence tag (EST) database (http://www.tigr.org) was searched for sequences with 
similarities to the GmN70 ORF.  A sequence alignment of an 3’ EST sequence (accession 
number TC140295—TIGR nomenclature) and the sequenced partial cDNA GmN70 using 
Megalign software from DnaStar revealed a 98% identity between the overlapping 
portion of the two sequences at the DNA level.  A set of primers were designed to 
amplify the full-length open reading frame (ORF) of GmN70 based on the 5’ RACE 
sequence and this 3’ soybean EST sequence (GmN70-5-F,GmN70-5-R).  BglII restriction 
sites were engineered into the 5’ end of the primers to facilitate cloning into the pXßG-
ev1 expression vector (Preston et al., 1992).  Amplification of the full-length ORF of 
GmN70 from soybean nodule cDNA was done under the following PCR parameters: hot 
start (5 min, 94 "C) before adding X-taq polymerase (Takara Biomedicals); followed by 
30 cycles (denaturation 30 sec, 95 "C; annealing 30 sec, 55 "C; amplification 2 min, 72 
"C) with a final elongation cycle (10 min, 72 "C).  A 1779 bp fragment was amplified and 
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ligated into a TOPO-TA vector.  Transformants were confirmed using restriction 
digestion with BglII and PCR analysis using the PCR parameters described above.  
Automated DNA sequencing was performed as described above.  
 Sequence analysis (Megalign, DNaStar software package) revealed discrepancies 
between the amplified sequence and the TIGR EST TC140295 sequence at the 3’ end of 
the ORF.  Therefore the EST database (http://ww.tigr.org) was rescanned and a second 
shorter sequence (TC142224 TIGR nomenclature) was identified as having 100% 
homology to the amplified GmN70 ORF (minus 2 nucleotides at the primer site).  This 
EST sequence was previously overlooked because this shorter EST sequence did not 
overlap with the original1270 bp PCR product. 
 
Molecular Cloning Techniques II: Cloning of Arabidopsis NLAT1;1 and NLAT1;2 
 cDNA was generated from Arabidopsis leaf RNA preparations by reverse 
transcription (RT) using the SuperScript$ First-Strand Synthesis System (Invitrogen, 
Carlsbad, CA, USA) following manufacturer’s instructions.  Reactions were carried out 
with 4 #g total RNA for each sample.  The resulting cDNA was used as a template to 
amplify the AtNLAT1;1 and AtNLAT1;2 ORFs by PCR with the following parameters: 
denaturation 94 "C 3 min; followed by 30 cycles (denaturation 30 sec, 95 "C; annealing 
30 sec, 55 "C; extension 2 min, 72 "C) with a final elongation cycle (10 min, 72 "C).  For 
cloning purposes, X-Taq$ polymerase (Takara Biomedicals) and pre-mixed PCR buffer 
and dNTP EasyStart $tubes (Molecular Bioproducts, San Diego, CA, USA) were used.   
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The primers for amplification of the AtNLAT1;1 and AtNLAT1;2 ORFs were 
designed with BamHI restriction site in the forward primer (AtNLAT;1-1-F) and an SpeI 
restriction site in reverse primer (AtNLAT1;1-1-R) to allow directional cloning into the 
Xenopus expression vector pT7TS (see next section).  PCR fragments encoding the ORFs 
of AtNLAT1;1 and AtNLAT1;2 were sub-cloned into TOPO-TA (pCR2.1®) and were 
sequenced as described above. 
 For the production of a C-terminal fusion of AtNLAT1;1 and the Yellow 
Fluorescent Protein (YFP), PCR was done using AtNLAT1;1 specific primers 
(AtNLAT1;1-2-F, AtNLAT1;1-2-R) and the TOPO-TA-AtNLAT1;1 construct as a 
template.  The amplified PCR product was cloned into the TOPO-TA (pCR2.1®) vector.  
Nco1 restriction sites were engineered into the 5’ end of the primers to facilitate cloning 
into the Nco1 restriction site of the 35S:YFP plant expression vector (GenBank 
Accession no. AY89981; Subramanian et al. 2004).  This results in an in-frame fusion of 
AtNLAT1;1 with YFP at the C-terminal end.  The amplified PCR product was cloned into 
TOPO-TA (pCR2.1®), digested with AflIII and subcloned into the Nco1 site of the 
35S:YFP.  The correct constructs were verified by automated DNA sequencing as 
decribed above. 
 For the AtNLAT;1;1 promoter::GUS reporter construct, a DNA fragment 
corresponding to 1500bp of the AtNLAT1;1 gene upstream of the transcriptional start site 
was amplified by PCR using gene-specific primers (AtNLAT1;1-3-F and AtNLAT1;1-3-
R) with the following paramenters: denaturation 94 "C 3 min; followed by 30 cycles 
(denaturation 30 sec, 95 "C; annealing 30 sec, 55 "C; extension 2 min, 72 "C) with a final 
elongation cycle (10 min, 72 "C).  X-Taq$ polymerase (Takara Biomedicals USA, 
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Madison, WI) and pre-mixed PCR buffer and dNTP EasyStart$ tubes (Molecular 
Bioproducts, San Diego, CA, USA) were used.  The PCR product was cloned into 
TOPO-TA (pCR2.1®) and sequenced as described above.  The cloned AtNLAT1;1 
promoter sequence was removed on a single BamHI fragment and ligated into the BamHI 
sites of pCAMBIA1391Z (Hajdukiewicz et al., 1994) upstream of a promoterless GUS 
reporter gene. 
 For CaMV 35S promoter-driven expression of AtNLAT1;1 gene transcript, 
primers were designed to amplify the ORF using gene specific primers (AtNLAT1;1-5-F 
and AtNLAT1;1-5-R) and the following PCR parameters: denaturation 95 °C 2 min; 
followed by 30 cycles (denaturation 30 sec,  95 °C; annealing 30 sec, 50 °C; extention 5 
min, 72 °C) with a final elongation cycle (10 min, 72 °C).  X-Taq™ polymerase (Takara 
Biomedicals USA, Madison, WI) and pre-mixed PCR buffer and dNTP EasyStart™ tubes 
(Molecular Bioproducts, San Diego, CA, USA).  The PCR product was cloned into the 
pENTR™/D-TOPO vector (Invitrogen, Calsbad CA, USA) were used following 
manufacturer’s instructions and sequenced as described above.  The resulting pENTR-
AtNLAT1;1-ORF vector was linearized with Nco1 and ethanol precipitated and 
recombined with the pMDC32 (Curtis and Grossniklaus, 2003) destination vector using 
Gateway® LR Clonase™ following manufacturer’s protocol.  pMDC32 contains a 2 X 
CaMV 35S promoter cassette to drive the overexpression of the AtNLATl;1 cDNA. 
 
Molecular Cloning Techniques III: Cloning into Xenopus Expression Vectors and 
cRNA Production. 
The open reading frame of GmN70 was subcloned into the BglII site of the 
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Xenopus expression plasmid pXßG-ev1 (Preston et al., 1992) downstream of the T3 
promoter.  In some cases, a modified pXßG construct was used that was engineered with 
an in-frame M2 Flag tagged epitope (MDYKDDDK) as previously described (Wallace 
and Roberts, 2005).  The LjN70 (Szczyglowski et al., 1998) and AtNLAT1;1 and 
AtNLAT1;2 ORF were cloned into the BglII and SpeI sites of the Xenopus expression 
vector pT7TS (Krieg and Melton, 1984) downstream of the T7 promoter.  This vector 
was also engineered with an in-frame Flag epitope. 
 The M2 Flag epitope DNA sequence was synthesized along with the 
complementary DNA sequence to generate the M2 Flag epitope cassette (Sigma-
Genosys, St. Louis, MO). A BamHI restiction site was engineered into the sense strand of 
the cassette (Flag-1-F), and a BglII site was engineered into the anti-sense strand of the 
cassette (Flag-1-R).  Additionally, an EcoRI site was engineered into the cassette for 
restriction analysis to verify insertion of the cassette into the pT7TS vector.  The flag 
cassette (1.6 #g) was phosphorylated at the 5’ ends using 20 units of T4 polynucleotide 
kinase (Fisher Scientific) for 30 minutes at 37 "C in a reaction volume of 10 #l.  The 
kinase was heat inactivated at 65 "C for 30 minutes.  The Flag cassette was ligated into 
the BglII site of pT7TS and was transformed into E. coli DH5%.  Transformants with the 
flag cassette were verified by restriction digest with EcoRI and were sequenced to verify 
the correct orientation of the Flag cassette.  
 For cRNA production, Xenopus expression plasmids carrying the full-length ORF 
of GmN70 (pXßG-Flag) and AtNLAT1;1 (pT7TS-Flag) and AtNLAT1;2 (pXßG-Flag) 
were linearized by cleavage with XbaI.  The linearized plasmid was used as a template 
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for capped cRNA synthesis by in vitro transcription using the mMESSAGE 
mMACHINE™ Kit (Ambion) essentially as described in Guenther and Roberts (2000).  
The cRNA integrity was verified on a 1% (w/v) agarose gel and was quantitated by 
measuring the A260 as described earlier in this section. 
 
Northern Blot 
For Northern blot analysis, 10-40 #g of total RNA was separated on 1.2% (w/v) 
agarose gels in the presence of 5.6% (w/v) formaldehyde using the buffer system 
described in Sambrook et al. (1989).  The RNA was transferred onto Zeta-Probe nylon 
membranes (Biorad, Hercules, Calif., USA) under vacuum (5 in. Hg) for 3 hours.  The 
membranes were washed in 2 x SSC briefly at room temperature, dried overnight, and 
were crosslinked with a UV Stratlinker 2400 (Stratagene) at the auto-crosslinking setting.  
The cloned full-length open reading frame PCR products from GmN70 and AtNLAT1;1 
and AtNLAT1;2 were used to prepare nick-translation probes using (%-32P) dATP 
following manufacturer’s instructions (Nick Translation System$, Promega, Madison, 
WI) specific for each transcript.  Membranes were prehybridized with 0.5 M NaPO4 (pH 
7.2), 7% (w/v) SDS for 10 minutes at 65 "C, and were hybridized overnight at 65 "C in 
the same solution containing 106 cpm/ml of various nick-translated probes.  After 
hybridization, the membranes were washed twice at 65 "C in 1 mM EDTA, 40 mM 
NaPO4 (pH 7.2), 5% (w/v) SDS for 30 minutes and were exposed to X-ray film at -80" C 
for 1-7 days depending on the transcript abundance. 
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Real-time Quantitative PCR Analysis 
Quantitative, realtime RT-PCR (Q-PCR) was used to quantitatively assess the 
expression of AtNLAT1;1.  Q-PCR expression analysis was done on an ABI Prism 7000 
Sequence Detection System and analysis was performed with the ABI Prism 7000 SDS 
software (PE Applied Biosystems, Foster, CA, USA).  Q-PCR was done using the 
following set of primers, (AtNLAT1;1-4-F, AtNLAT1;1-4-R).  The Arabidopsis UBQ10 
gene was used as an internal reference for standardization as described previously 
(Czechowski et al., 2004).  cDNA proportional to 100 ng of starting total RNA was 
combined with 200 nM of each primer and the 12.5 µL 2x AB solute SYBR Green ROX 
dUTP Mix (ABgene USA, Rochester, NY, U.S.A) in a final volume of 25 µL according 
to the manufacturer’s instructions.  Q-PCR reactions were performed using the following 
parameters: 1 cycle of 5 min at 50º, 1 cycle of 5 min at 95º, and 45 cycles of 30 sec at 
95º, 45 sec at 45º, and 45 sec at 72º in a 96-well optical PCR plate (ABgene USA, 
Rochester, NY, U.S.A).  Quantitation of AtNLAT1 expression was calculated using the 
comparative threshold cycle (Ct) method as described by Pfaffl (2001).  #Ct was 
calculated using following equation: 
!Ct = Ct(target)-Ct(reference)                 (Equation 2.1) 
where Ct(target) is Ct value of gene of interest (AtNLAT1;1), and Ct(reference) is Ct value of 
endogenous house-keeping gene as a control (AtUBQ10).  ##Ct values were calculated 
using the following equation;  
!!Ct = !Ct(target)- !Ct(calibrator)              (Equation 2.2) 
, where #Ct(target) represents the target tissue or sample, and #Ct(calibrator) is the calibrator 
selected for normalization.  The obtained ##Ct values including the calibrator were 
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normalized by using the following equation; 
Quantitation = 2- !!Ct                      (Equation 2.3) 
 
Xenopus Oocyte Culture 
Xenopus oocytes (stage V and VI) were surgically harvested and defolliculated 
with 1 mg/ml collagenase (Sigma; cat# C9891) in a modified calcium-free Frog Ringers 
solution (96 mM NaCl, 2 mM KCl, 5 mM MgCl2, 5 mM HEPES-NaOH, pH 7.6) for 2-3 
hours at room temperature as previously described (Guenther and Roberts 2000).  
Oocytes were washed 5 times with calcium free Frog Ringers solution, and then were 
washed 5 more times with Standard Frog Ringers solution (same formulation as above 
with 0.6 mM CaCl2 supplemented).  Oocytes were allowed to equilibrate for 2 to 24 
hours in Frog Ringers at 15 "C before selection of stage V and IV oocytes for cRNA 
injection. Injection micro-pipettes were made from glass capillaries (WPI, New Haven, 
CT) by using a Sutter Microelectrode Pipet Puller model P87 (Sutter Instruments, 
Novato, CA).  For standard experiments, oocytes were injected with 46 nl of 1#g/#l of 
cRNA using a Drummond “nanoject” automatic injector (Drummond Scientific, 
Broomall, PA, USA).  Microinjected oocytes or uninjected (negative control oocytes) 
were cultured in Frog Ringers solution supplemented with 1000 U/ml penicillin-
streptomycin (MP Biomedicals) at 18 ºC for 4-6 days in sterile 96 well plates prior to 
analysis by two electrode voltage clamp.  
 
Two-Electrode Voltage Clamp Recording Techniques 
 Two-electrode voltage clamp recordings of oocytes were done by using an Oocyte 
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Clamp Amplifier model OC-725C (Warner Instruments).  Microelectrodes were made 
from Kwik-fill glass capillaries (WPI, New Haven, CT) and pulled on a Sutter 
Microelectrode Pipet Puller model P87 (Sutter Instruments, Novato, CA).  The 
microelectrodes were filled with 3 M KCl and tipped with 2% agarose-3M KCl to reduce 
KCl leakage into the oocyte.  This was done by back filling electrodes with 3 M KCl then 
applying suction to the back end of the electrode and drawing up a molten 2% agarose-
3M KCl solution from the tip.  The pipettes were allowed to cool to solidify the agar 
before checking electrode resistance.  Electrode tips were then broken off with a razor 
blade to an electrode resistance of less than 1.5 megaohms in standard Frog Ringers as 
measured on the Oocyte Clamp Amplifier.  The standard recording bath solution 
consisted of 2 mM KCl, 5 mM MgCl2, 6 mM CaCl2, 5 mM HEPES-NaOH, pH 7.6 
containing 100 mM of the sodium salt of the test anion conductant (final solution 
osmolarity = 215 mosm/kg).  The osmolarity was measured using an Osmette model S 
Freezing Point Osmometer (Precision Systems, Inc, Natick, MA).  
Recordings were performed using a step-wise voltage protocol in which the 
oocyte Vm was clamped from +80 to -80 mV in 20 mV increments.  Each potential was 
maintained for one second with a 0.5 sec recovery period at a set holding potential 
(usually -20-40 mV) between each voltage pulse.  Voltage pulses were controlled with 
the Labscribe program suite version 1.6 (iWork/CB Sciences, Inc., Dover, NH).  
Membrane current (Im) output was filtered at 1 kHz with a 4-pole Bessel Filter, was 
digitized via the iWork/118 analog to digital converter hardware, and was analyzed using 
the Labscribe software.  Current convention was such that “outward current” refers to the 
movement of cations towards the bath and anions into the oocyte.  Permeability 
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comparisons for the various anions were done by substitution of the test anion for 
impermeant gluconate ion in the bath and evaluation of the induced currents. 
In experiments testing nitrate conductance at pH 5.0, 5 mM HEPES was replaced 
with 5 mM MES in the standard recording solution. In experiments in which the 
concentration of nitrate was varied, the osmolarity was adjusted to that of the standard 
buffer by using sodium gluconate.  To determine the relationship between nitrate 
concentration and induced current. steady-state membrane currents (I) were fit to the 
following equation: 
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    (equation 2.4) 
where I is steady-state current measured at a set Vm of +75 mV, Imax is the maximal 
current, and K0.5 is the concentration of bath NO3– that induces 1/2 Imax. 
Permeability comparisons for the various anions was done by substitution of the 
test anion for gluconate in the bath and evaluation of the induced currents.  In addition, 
the permeability co-efficient ratio PNO3/PCl was determined by the difference in reversal 
potentials between recordings of identical oocytes under two bath conditions with 
differing anion concentrations.  Condition 1 contained 100 mM NO3– and 16 mM Cl–, 
and condition 2 contained 116 mM Cl–.  The concentrations of cations and buffer salts 
were identical for both conditions. It was assumed that the internal oocyte Cl– 
concentration is 33 mM and that the internal nitrate concentration is negligible (Dascal, 
1987).  From these assumptions, the following form of the Goldman-Hodgkin-Katz 
voltage equation was used:  
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where !Erev is the difference in reversal potential between condition 1 and condition 2 
determined from I-V plots, R is the gas constant (8.34 x 10-3 kJ / mol•K), T is the absolute 
temperature (293K), and F is Faraday's constant (96.5 kJ / mol•V). 
 
Immunochemical Techniques 
Site-directed antibodies for immunodetection of GmN70 and AtNLAT1;1 
proteins were prepared against synthetic peptides by the general approach used for a 
variety of plant proteins in the Roberts laboratory (Weaver et al., 1991; Guenther and 
Roberts 2000; Guenther et al., 2003; Vincill et al., 2005).  The following peptides were 
synthesized (Invitrogen, Calsbad, CA, USA) with an additional cysteine residue at the 
amino terminal end to facilitate the covalent linkage of the synthetic peptide to maleimide 
activated-Keyhole Limpet Hemocyanin (KLH; Pierce-Endogen Chemicals): 
GmN70 (CD-18): C-DTRWWENVFSPPARGED 
AtNLAT1;1 (CK-20): C-EKPKLDSSEFKDDDGEESK 
Coupling of the CD-18 and CK-20 to KLH was performed as outlined by Guenther et al. 
(2003).  Briefly, 1 mg of peptide was mixed with 500 #g of KLH dissolved in 1 ml PBS 
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.3).  This 
represents an over 10-fold molar excess of peptide to KLH.  The reaction was done for 2 
hours at room temperature, and uncoupled peptide was removed from the peptide-KLH 
conjugate by gel filtration on a 1.5 x 20 cm Sephadex G-50 column in PBS.  The KLH-
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peptide conjugate was stored at -80 "C. 
For immunization, 100 #g of conjugated peptide was emulsified in an equal 
volume of Freund’s complete adjuvant (1:1)  and was injected subcutaneously into New 
Zealand White rabbits.  The immunization was repeated after 10 days with an additional 
injection of 100 #g of conjugated peptide in 1 ml of PBS and Freund’s incomplete 
adjuvant.  A third immunization wth 100 #g conjugated peptide (1:1) in Freunds’s 
incomplete adjuvant (1:1) was repeated after an additional 10 days.  Periodically, rabbits 
were boosted with peptide-KLH conjugates without adjuvant to increase antibody titer.  
Western blotting and ELISA assays were used to monitor antibody production in 
collected sera. 
 Affinity purification of anti-CD-18 and anti-CK-20 antibodies was performed by 
immunoaffinity chromatography on peptide-coupled resins (Harlow and Lane, 1998).  To 
prepare peptide-coupled supports, 0-aminohexyl-agarose (3 ml) was washed with 10 
volumes  of 0.01M NaPO4, pH 7.0.  Thirteen mg of the hetero-bifunctional crosslinker 3-
maleimidobenzoyl-N-hydroxysuccinimide (MBS; dissolved in 500 #l DMSO) was 
combined with the washed 0-aminohexyl-agarose in a reaction volume of 9 ml in 0.01M 
NaPO4 pH 7.0.  The reaction mixture was shaken gently at room temperature for 1.5 
hours on an orbital shaker.  The reaction mixture was diluted with 500 ml of 0.01M 
NaPO4, and the resin was collected by vacuum filtration.  Four mg of peptide (CD-18 or 
CK-20) was added to the MBS-activated 0-aminohexylagarose in a reaction volume of 
10 ml in 0.01M NaPO4, pH 7.0 and was incubated for 1.5 hours at room temperature to 
complete the conjugation of peptide to 0-aminohexylagarose.  The resin beads were 
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collected by sedimentation using a table-top centrifuge and were washed with 10 volumes 
of PBS.  The final peptide resin sample was stored at 4 "C in 1 volume of PBS to which 
0.01% sodium azide (w/v) was added. 
 To affinity purify antibodies, antisera was mixed with affinity resin at a ratio of 3 
ml resin to 10 ml of crude sera.  The samples were shaken gently for 2 hours at room 
temperature and  the resin was collected by sedimentation (1,000 x g) in a table-top 
clinical centrifuge (Sorvall GlC-1).  The resin was then transferred to a 1.5 x 20 cm 
column and was washed with 10 bed-volumes of 10 mM Tris-HCl, pH 7.5, and then with 
an additional 20 bed-volumes of 500 mM NaCl, 10 mM Tris-HCl, pH 7.5.  Antibodies 
bound by acid-sensitive interactions were eluted with 10 bed-volumes of 100 mM 
glycine-HCl, pH 2.5.  The elutant was immediately neutralized by collection into tubes 
containing an equal volume of 1 M Tris-HCl, pH 8.0.  The column was washed with 10 
bed-volumes of 10 mM Tris-HCl, pH 8.8 and antibodies bound by base-sensitive 
interactions were eluted with 10 bed-volumes of 100 mM triethylamine, pH 11.5.  The 
elutant was neutralized with 1 M Tris, pH 8.0 as described above.  Eluted antibody 
fractions were combined and dialyzed overnight in 4 L PBS at 4 "C.  Antibodies were 
concentrated by ultrafiltration on a Centricon$ device with a MWC of 40,000 (Millipore, 
Bedford, MA) to 1/10 of the starting sera volume.  The concentrated affinity purified 
antibody preparations were stored at -80 "C. 
Western blots were performed by the general procedure of Weaver et al. (1991).  
After SDS-PAGE, gels were rinsed in Tobin buffer (25 mM Tris, 192 mM glycine, 15 % 
(v/v) methanol, pH 8.3) for 30 minutes, and then were transferred onto PVDF membranes 
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(Millipore, Bedford, MA) using Tobin buffer in a Bio-Rad tank apparatus at constant 
current (100 mA ) overnight at 4 "C.  Blotted PVDF membranes were blocked with 10% 
(w/v) non-fat dried milk (NFDM) and 1% (v/v) normal goat sera in PBS at 4 "C 
overnight.  Membranes were incubated for 3 hours at room temperature with a 1:1,000 to 
2,500 dilution of affinity purified anti-GmN70 affinity purified IgG in 1% (w/v) NFDM 
and 1% (v/v) goat sera in PBS.  The membranes were washed three times at room 
temperature for 10 minutes each with 50 ml PBS and 0.1% (v/v) Tween-20.  The 
membranes were incubated with horseradish peroxidase-coupled goat anti-rabbit IgG 
secondary antibody (Southern Biotechnology Associates, Inc., Birmingham, AL) at a 
1:5,000 dilution in PBS.  The membranes were then washed three times, 10 minutes each, 
with 50 ml of PBS and 0.1% (v/v) Tween-20 at room temperature.  Chemiluminescence 
detection was performed by incubating the blot for 1-2 minutes at room temperature in a 
1:1 mixture of solution I (0.25 mM luminol, 0.4 mM p-coumaric acid, 100 mM Tris-HCl 
pH 8.5) and solution II (0.018% [v/v] H2O2, 100 mM Tris-HCl pH 8.5).  The blot was 
exposed to X-ray film (Fujifilm Super HR-HA 30 X-ray film, Fuji Photo Film C., LTD., 
Tokoyo, Japan) for 5 seconds to 5 minutes depending on the signal strength. 
Enzyme-linked immunosorbent assays (ELISA) for the determination of the titer 
of antibodies against synthetic peptides were performed as described by Weaver et al. 
(1991).  Unconjugated peptide (50 µl of a 5 µg/ml peptide stock solution) in 50 mM 
sodium carbonate pH 8.0 per well) was immobilized on 96-well plates (Costar, Corning, 
NYovernight at 4 "C.  The plates were blocked for 2 hour with 2 mg/ml BSA in 200 mM 
glycine, pH 7.0 (200 #l/well).  Primary antibodies were serially diluted in PBS, 0.5% 
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(v/v) goat sera and were incubated with immobilized peptide for 1 hour at room 
temperature.  Plates were then washed three times in PBS and were incubated with 
secondary goat anti-rabbit antibody conjugated to horseradish peroxidase enzyme 
(Southern Biotechnology Labs) at a concentration of 0.4 #g/ml in PBS, 0.5% (v/v) goat 
sera for 1 hour at room temperature.  Plates were washed three times in PBS and were 
developed by using the Bio-Rad Horseradish Peroxidase Substrate$ kit.  The absorbance 
of the colormetric product was measured at 414 nm on a Lab Systems Multiscan 
spectrophotometer. 
 
Immunolocalization Techniques 
Root and nodule tissues from Glycine max were cut into 1-2 mm3 pieces and 
immersed into 4% (w/v) paraformaldehyde in PBS and were then incubated at 4 "C for a 
minimum of 16 hours.  Tissues were washed twice in PBS for 1 hour and were 
cryoprotected in 20% (w/v) sucrose for 20 hours at 4 "C.  Tissue samples were 
transferred to optimal cutting temperature compound (O.C.T., Fisher Sci.) for 6 hours and 
then were embedded in fresh O.C.T. compound in embedding molds and were flash 
frozen in dry ice.  Blocks were stored at -80 "C until sectioning. 
 To obtain sections for immunostaining, embedded tissue blocks were transferred 
from -80 "C to -20 "C for 4 hours to equilibrate with the cutting temperature of the 
cryostat.  Six micron sections were cut on a vibratome cryostat (Fisher Sci.) and 
transferred to poly-L-lysine (Fisher Sci.) coated cover-slips.  The sections were stored at -
20 "C until immunostaining. 
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X. laevis oocytes expressing GmM70 or GmN26 proteins were fixed by 
immersing into 4% (w/v) parafomaldehyde in PBS at 4 "C for 24 hours.  Oocytes were 
cryoprotected in 20% (w/v) sucrose PBS for 6 hours and embedded essentially as 
described above.  Ten micron sections of fixed, embedded oocytes were cut on a 
vibratome cryostat (Fisher Sci.) and transferred to gelatin-chrome (w/v: 0.25% gelatin, 
250 bloom, [Fisher Sci.]; 0.025% chrome alum) coated cover slips and stored at -20 "C 
until immunostaining. 
For immunolocalization experiments, sections were removed from -20 "C and 
were allowed to equilibrate at room temperature.  Sections were washed in PBS three 
times for 5 minutes each to remove excess O.C.T. compound.  The slides were then 
placed in a humidity chamber and 50 #l of blocking solution (5% (v/v) normal goat 
serum, 2% (w/v) BSA, 0.05% Triton X-100 (v/v) ; .22 #m filtered) was added directly to 
the sections and incubated for 45 minutes at room temperature.  The blocking solution 
was removed and was replaced with 50 #l of fresh blocking solution to which primary 
antibodies had been added (rabbit anti-GmN26 IgG [F41] 1:100 dilution of antisera or 
affinity purified rabbit anti-GmN70 IgG [F37] 1:50 dilution; pre-immune sera was used 
as a negative control).  Sections were incubated at 37 "C for 2 hours and then were 
washed three times for 10 minutes each in PBS at room temperature.  The sections were 
then incubated in 50 #l of blocking solution to which Alexa 647-conjugated goat anti-
rabbit IgG (Molecular Probes) had been added at a dilution of 1:100.  The incubation was 
done at 37 "C for 1 hour followed by three PBS washes of 10 minutes each.  The slides 
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were mounted in anti-fade (Molecular Probes, Eugene, OR) and staining was visualized 
with an Axioplan microscope (Zeiss, Jena, Germany) equipped with an HBO 100-W 
mercury lamp for epifluorescence (using the far-red 685 nm filter) and a Nomarski prism 
for differential interference contrast (DIC) imaging and with a scientific-grade cooled 
charge-coupled device.  Grayscale digital images were collected, pseudocolored, and 
merged using the Metamorph Software (Universal Imaging, West Chester, PA). 
 
Other Histochemical Techniques 
GUS staining on transgenic plants carrying the promoter AtNLAT1;1::GUS and 
AtNLAT1;2::GUS constructs was performed as described by Jefferson et al. (1987).  
Briefly, tissues were incubated for 16 h at 37 °C in 0.1 M potassium phosphate, pH 7.0, 
0.1% (w/v) Triton X-100, 0.4 mM K3[Fe(CN)6], 0.4 mM K4[Fe(CN)6], and 0.9 mM 5-
bromo-4-chloro-3-indolyl--D-glucuronidase (Rose Scientific, Ltd., Edmonton, Alberta, 
Canada).  Seedlings were cleared with 70% (v/v) ethanol at room temperature and were 
mounted in 50% (w/v) glycerol.  Stained tissues were observed and imaged using a 
Nikon ECLIPSE E600 microscope equipped with Micropublisher 3.3 cooled and 
QCapture 2.60 software (QImaging Corp., Burnaby, British Columbia, Canada).   
YFP-fusions were expressed and visualized by transient transfection of 
Arabidopsis protoplasts.  Protoplasts were generated from 27-34 day old Arabidopsis 
thaliana leaves by using the method of Sheen (2002).  Protoplast quality and cell density 
were verified by microscopic examination with a Nikon laboratory microscope and 
counting using a Spencer hemocytometer.  Approximately 20-30 #g of the indicated 
plasmid constructs were used to transform 1 X 105 Arabidopsis protoplast cells by the 
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protocol of Sheen (2002).  The protoplasts were cultured in 0.5 M mannitol, 4 mM MES-
NaOH, pH 5.7, 20 mM KCl, in polystyrene wells for 16-18 hours prior to epifluorescent 
imaging. 
 The YFP signal was visualized with an Axiovert 200M (ZEISS) microscope 
equipped with a DG-4 Lightswitch 175-W xenon lamp (Sutter Instruments) for 
epifluorescence, and with a scientific grade Orca ER charge-coupled device (CCD; 
Hamamatsu) fitted with a Nomarski prism for DIC imaging.  Chlorophyll 
autofluorescence was filtered using 560-580 nm excitation / 600-650 nm emission filter 
set.  YFP staining was filtered using 480-520 nm excitation / 520-540 emission filter set.  
Grayscale digital images were collected, pseudocolored, and merged using Openlab 
Software (version 4.0.2; Improvision). 
 
Membrane Isolation Protocol and General Analytical Techniques 
For the preparation of microsomal fractions from soybean and Arabidopsis, 
tissues were ground in liquid nitrogen to a fine powder.  The ground frozen tissue was 
thawed in 50 mM MOPS-NaOH pH 7.0, 20 mM isoascorbate, 5 mM DTT, 100 mM 
NaCl, 5 mM EDTA, 10 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM leupeptin, 
1mM pepstatin A (5 ml/gram of tissue) and was vortexed until a homogeneous 
suspension was obtained.  Extracts were centrifuged at 1,000 g for 10 minutes at 4 "C in a 
Sorvall SS34 rotor.  The 1,000 g supernatant fraction was then centrifuged at 5,000 g for 
20 minutes at 4 "C in a Sorvall SS34 rotor.  The 5,000 g supernantant fraction was 
centrifuged at 10,000 g for 30 minutes at 4 "C in a Sorvall SS34 rotor.  The 10,000 g 
supernatant fraction was diluted 1:1 with microsome buffer (25 mM MOPS-NaOH pH 
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7.0, 3 mM MgSO4-7H2O, 300 mM mannitol, 100 #M PMSF, 1 #M leupeptin, 1 #M 
pepstatin A), and was centrifuged at 100,000 g for 1 hour at 4 "C in a Beckman Ti 60 
rotor.  The microsomal pellet was resuspended in 500 #l of microsome buffer and passed 
5 times through a 28 guage needle.  Twenty-five ml of microsome buffer was added and 
the sample was centrifuged at 100,000 g for 1 hour at 4 "C in a Beckman Ti 60 rotor.  
The pellet was resuspended in microsome buffer (~ 50#l/gram starting tissue) and stored 
at -80 "C. 
Soybean symbiosome membranes were isolated essentially as previously 
described (Weaver et al., 1991; Rivers et al., 1997).  Soybean nodules from 28-day old 
plants were extracted and whole intact symbiosomes were isolated on discontinuous 
Percoll gradients as described by Udvardi and Day (1989).  The symbiosomes were 
ruptured by vortexing, and symbiosome membranes were separated from the bacteroids 
and symbiosome space fraction by differential centrifugation (Weaver et al., 1991; Rivers 
et al., 1997).  The final purified symbiosome membrane fraction was stored at -80 "C in 
20 mM MOPS-NaOH pH 7.0, 3 mM MgSO4-7H2O, 300 mM mannitol, 100 #M PMSF, 1 
#M leupeptin, 1 #M pepstatin A. 
For analysis of expression in Xenopus oocytes, lysates containing yolk-free 
membrane fractions were generated by method described by Guenther et al. (2003). 
Protein electrophoresis was done by SDS-polyacrylamide gel electrophoresis 
using the general buffer system of Laemmli (1970).  Protein visualization was done by 
staining with Coomassie Brilliant Blue (CBB; 0.1 % (w/v) Coomassie Blue R-250 (Bio-
Rad), 50 % (v/v) methanol, 10 % (v/v) glacial acetic acid).  Protein quantitation was done 
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either by the BCA assay (Pierce Endogen) or Bradford assay (Bio-Rad).  Bovine serum 
albumin was used as a standard. 
 
Bioinformatic and Modeling Techniques 
For phylogenetic analysis of NLAT proteins, sequence homologs of GmN70 from 
Arabidopsis thaliana, poplar (Populus trichocarpa) and rice (Oryza sativa) were 
identified by protein BLAST search (http://www.ncbi.nlm.nih.gov/).  Sequences showing 
a greater than 26% sequence identity, an E value less than 1 x10-10, and a similar 
topology based on the Phobius membrane topology prediction program (TMHMM Server 
2.0, Käll et al., 2004) were selected for further phylogenetic analysis.  Sequence 
alignments were performed using the CLC bio standard multisequence alignment 
algorithm available on the CLC Free workbench 3 software  (http://www.clcbio.com) or 
by using the Clustal W program of DNAstar.  Alignments were done using the slow, 
accurate setting (open gap penalty set to 10.0).  An unrooted phylogenetic tree was 
generated in CLC Free workbench 3 using the Neighbor Joining algorithm with bootstrap 
analysis (1000 replicates).  Final editing of the phylogenetic tree was performed using the 
Dendroscope software (Huson et al., 2007).   
 Protein sequences of Arabidopsis and rice NLAT-related genes used for 
comparison are as follows:  
Arabidopsis:  At1g18940, At1g31470, At1g74780, At1g80530, At2g16660, At2g28120, 
At2g30300, At2g34350, At2g34355, At2g39210, At3g01630, At3g01930, At4g19450, 
At4g34950, At5g14120, At5g45275, At5g50520 
Rice:   Protein IDs with chromosome number in parenthesis: 12010.m04233 
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(Os10g08850), 12012.m06809 (Os12g29950), 12007.m05357 (Os07g09010), 
12003.m10763 (Os03g58580), 12003.m09794 (Os03g47810), 12012.m08177 
(Os12g44060), 12012.m08178 (Os12g44070), 12009.m06609 (Os09g36600), 
12008.m05668 (Os08g15450), 12004.m09211 (Os04g42420), 12006.m05533 
(Os06g08110), 12001.m12228 (Os01g61010), 12005.m08158 (Os05g39800), 
12012.m04161 (Os12g01570), 12011.m04362 (Os11g01590), 12004.m08291 
(Os04g31924), 12008.m08179 (Os08g42010), 12012.m08189 (Os12g44180), 
12010.m04233 (Os10g08850).  
 Populus trichocarpa protein sequences were obtained from JGI 
(http://genome.jgi-psf.org/Poptr1_1/Poptr1_1.home.html).  To simplify the nomenclature 
for phylogenetic comparisons, the genes were named for their clades.  The protein ID 
numbers are as follows:  Clade 1: Pt 1-1 (gw1.VIII.234.1); Pt 1-2  
(estExt_fgenesh4_pg.C_1630016);  Pt 1-3 (fgenesh4_pg.C_LG_IX001492);   Pt 1-4 
(fgenesh4_pg.C_LG_11001221); Pt 1-5  (gw1.28.781.1).  Clade 2:  Pt 2-1 
(gw1.XV.1235.1).   Clade 3:  Pt 3-1 (eugene3.00090357); Pt 3-2 
(estExt_fgenesh4_pg.C_LG_IV1441); Pt 3-3 (eugene3.00570076).  Clade 4: Pt 4-1 
(gw1.XII.1688.1); Pt 4-2 (gw1.88.227.1); Pt 4-3-pseudo estExt_Genewise1_v1.C_ 
LG_13108.  Clade 5:   Pt 5-1 (eugene3.00090357); Pt 5-2 (gw1.44.20.1); Pt 5-3 
(estExt_fgenesh4_pm.C_LG_1000526).   Clade 6:   Pt 6-1 (fgenesh4_pm.C_LG 
_XIII000459); Pt 6-2 (fgenesh4_pm.C_LG_XIX000300); Pt 6-3 (estExt_fgenesh4_ 
pg.C_290342); Pt 6-4 (fgenesh4_pm.C_LG_111000303). 
  The previously characterized NLATs from Lotus japonicus (LjN70, accession 
number: AAC39500) and soybean (GmN70 accession number:AAW51884) (Vincill et 
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al., 2005), and the nodulin-like gene (Q8H6R3) found within the Citrus tristeza virus 
resistance gene locus in Poncirus trifoliata (Yang et al., 2003), were also included in the 
phylogenetic analysis.   Conserved domain analyses were done by using the pfam 
(http://pfam.sanger.ac.uk; Finn et al., 2006) and the Conserved Domain (CDD, 
http://www.ncbi.nlm.nih.gov/Structure/; Marchler-Bauer et al., 2005) databases. 
 A topological model for AtNLAT1;1 was constructed based on topology 
prediction programs using the Hidden Markov Method (TMHMM Server 2.0, Käll et al., 
2004; HMMTOP Server version 2.0, Tusnády and Simon, 2001) and comparison to the 
structural model of the related Major Facilitator Protein OxlT (Hirai and Subramaniam, 
2004).  Multiple sequence alignments of OxlT and Arabidopsis GmN70-like sequences 
were done with Clustal X 1.8.  The resulting alignment was evaluated using the Jalview 
multiple alignment sequence editor (Clamp et al., 2004).  Topological models were 
depicted diagrammatically using the Textopo membrane topology plot package (Beitz, 
2000). 
Quantitation of metal and metalloid content of wild-type and AtNLAT1;1 
knockdown lines by ICP-MS analysis was performed at the Ionomic Center at Purdue 
University.   Plants were grown in Promix$ (Premier Horticulture, Quakertown, PA) 
supplemented with 0.5 X MS under long day conditions (16 h light/8 hour darkness).  
Rosette leaves (generally two leaves from opposite sides of the plant) from 5-week-old 
plants were harvested for ionomic analysis as described previously (Baxter et al., 2008). 
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CHAPTER III 
RESULTS 
 
Isolation of a Full-Length cDNA Encoding GmN70 
In order to investigate whether a transporter-like protein similar to LjN70 exists in 
Glycine max, a set of primers for reverse transcription (RT)-PCR were designed based on 
conserved sequences from LjN70 (Szczyglowski er al., 1998) and LjN70-like proteins 
from Arabidopsis.  The forward primer was designed to recognize the conserved area 
between 177-197 bp from the LjN70 start codon within the ORF at the 5’ end.  The 
reverse primer was made to a conserved sequence area between the 1425-1445 bp from 
the LjN70 start codon within the ORF (Fig. 3.1).  Total RNA was isolated from mature 
(28-d) soybean nodules and touchdown RT-PCR was done with the designed primers.  A 
cDNA of 1,269-bp was amplified (Fig. 3.2) with high sequence similarity to LjN70 (Fig. 
3.1).  In order to obtain the 5’ region of the LjN70-like gene in soybean, 5’- Rapid 
Amplification of cDNA Ends (5’-RACE) was employed.  The sequence analysis of the 
5’-RACE products showed that they contain the 5’-end of the ORF as well as the putative 
5’UTR as identified by an in-frame stop codon upstream from the start codon of ORF 
(Figure 3.3).  
In order to obtain the 3’ end of the ORF, the sequenced soybean EST libraries 
(http://www.tigr.org) were investigated to identify sequences that overlapped the cloned 
soybean cDNA.  An EST fragment (accession number TC140295) was found that 
overlaps the 3’ end of the cloned cDNA fragment (Figure 3.3).  
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Figure 3.1.   Sequence Comparison of Lotus japonicus LjN70 and Arabidopsis 
thaliana LjN70-like Proteins.  LjN70 (first sequence in the order) and 4 other LjN70-
like-proteins from Arabidopsis (accession numbers: AAC28987, AAF79282, 
AAD55297, AAC98454, respectively in order of appearance) were aligned using the 
Clustal W algorithm in the DNAStar software.  Sequences that were used in deriving the 
forward and the reverse primers for PCR amplification are boxed in red. 
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Figure 3.2.  PCR Amplification of LjN70-like Fragment from Glycine max Nodules. 
The RT-PCR amplification product was resolved on a 1% w/v agarose gel and visualized 
with 0.01% (w/v) ethidium bromide under UV light.  The position of Lambda digested 
with HindIII molecular weight standards are shown at the left. 
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Figure 3.3.  Full-length Sequence of GmN70 cDNA.  The region in white was 
obtained by RT-PCR of total RNA from 28-day old nodules (Fig. 3.2).  5’ RACE was 
used to obtain the 5’ end of the sequence (shaded in red).  The 3’ end of the sequence 
was obtained by searching a soybean EST database (TIGR) for sequence similarities to 
GmN70 fragment (accession number TC105586, TIGR nomenclature; shaded in blue).  
Based on this sequence, a set of primers was designed to amplify the ORF of GmN70 
(boxed in green). 
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tttctagtttgtactaacacaagcagcaaagtgcttggtctatatccacaaac
catccgcataggcggtatatacaactttaatttccactcatatgcacc
gactattggcaaaggatgctgttgtagctcaaggtgcaaacaagaaacttattgatt
aatgatgtggtcatacctcatacatgatatacaatgtaataagtgtgtatcattatg
tttttgctaaattttatttgccgtgatgtttacctttcgttttctttctcacacaaa
acgaagtcccctttttttcgcctgta 
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   Based on this sequence, primers were designed to amplify the full-length ORF 
cDNA.  A cDNA product (the predicted length of the ORF, 1779 bp) was obtained by 
RT-PCR of total RNA from 28-day old nodules (Fig. 3.4), and was cloned into a TOPO-
TA vector and sequenced.  The resulting ORF encodes a protein of 598 amino acids that 
shows considerable amino acid sequence similarity (52% identity) to LjN70 protein.  
Hydropathy analysis of the GmN70 protein is characteristic of an integral polytopic 
membrane protein with the first half of the protein separated from the second half by a 
large cytoplasmic loop (Fig. 3.5).  Comparison of the amino acid sequence and secondary 
structure suggest GmN70 and LjN70 are members of the Major Facilitator Superfamily 
(MFS) of transporters (Pao et al., 1998).  The similarity and topology of this family are 
discussed further in the phylogeny section below. 
To investigate the expression pattern of the GmN70 transcript in soybean, 
northern blotting was performed.  Total RNA from nodule, stem, leaf, and root was 
isolated from 28-d-old soybean plants and probed with a GmN70-specific probe.  The 
data show comparatively high expression of GmN70 transcript in nodule tissue, with low 
to undetectable amounts of signal detected in leaf, stem and root tissues (Figure 3.6).  
These data show that similar to LjN70 (Szczyglowski et al., 1998) GmN70 appears to be a 
bona fide nodulin due to enhanced expression in nodule tissues compared to other 
portions of the plant  
 
Preparation of a Site-Specific Antibody against GmN70 and Immunolocalization 
To investigate the tissue, cellular and subcellular localization of GmN70 gene 
product in soybean, an antibody was generated by using a synthetic peptide antigen.  The  
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Figure 3.4.  RT-PCR Product Constituting the Full-Length ORF of GmN70.  The 
amplification product of RT-PCR of total RNA from 28 day old soybean nodules was 
resolved on a 1% (w/v) agarose gel and visualized with 0.01% (w/v) EtBr under UV light.  
The position of Lambda digested with HindIII MW markers are shown at left. 
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Figure 3.5.  Proposed Topology of GmN70 Protein.  A Hydropathy plot of the deduced 
amino acid sequence of GmN70 protein was constructed using the Kyte and Doolittle 
algorithm in the DNAStar software package.  The region circled in green shows the 
hydrophilic region with the DTRWWENVFSPPARGED (CD-18) sequence which was 
used for antibody production.  The first half (underlined) of the membrane protein is 
separated from the second half by the large central loop, a classic feature of MFS 
proteins. 
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Figure 3.6. Northern Blot Analysis of Total RNA From 28-Day Old Soybean Tissue. 
40 g of total RNA from nodule, root, stem, leaves was resolved by electrophoresis on a 
1.2% (w/v) agarose-formaldahyde denaturing gel and was transferred to a nylon 
membrane.  Hybridization was performed with a  $-32P-dATP-nick translated probe 
derived from the 1269 bp PCR fragment of GmN70 (see Fig. 3.2).  The blot was exposed 
to film for 7 days at –80 ºC with an intensifying screen.   
  
Nodule Root Stem Leaf 
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putative loop region between two clusters of transmembrane %-helices (Fig. 3.5) was 
chosen as a target for site-specific antibody generation for two reasons:  1.  It has many 
charged and hydrophilic residues that facilitate the production of high titer site-specific 
antibodies; 2. It is a loop region in a putative membrane protein, and is proposed to be 
surface accessible in its native state, which would be advantageous in 
immunolocalization experiments.  The peptide (C-DRTWWENVFSPPARGED, referred 
to as CD-18) was synthesized with an additional cysteine residue (underlined above) at 
the amino terminus to facilitate covalent conjugation to maleimide activated-Keyhole 
Limpet Hemocyanin (KLH), a carrier for antibody production.  In addition, it also 
facilitates covalent attachment for the production of affinity resins for antibody 
purification. 
 Antibodies were raised against the KLH-conjugated CD-18 peptide in New 
Zealand White rabbits.  Crude sera was obtained and further purified throught affinity 
chromatography using 0-aminohexyl resin conjugated to the CD-18 peptide as described 
in the Materials and Methods.  ELISA was performed with the affinity purified anti-CD-
18 antibody and showed a high titer against the un-conjugated CD-18 peptide suggesting 
that antibodies against the peptide sequence were present (Fig. 3.7). 
To determine the localization and expression pattern of the GmN70 protein in 
soybean nodule tissue, immunocytochemistry using affinity purified anti-CD-18 
antibodies was performed.  For general localization experiments nodules from post-21 
day old soybean plants were prepared and cryosectioned and were probed with the 
affinity purified anti-CD-18 antibodies.  Epifluorescent images of immuno-stained nodule 
tissue showed high levels of GmN70 protein immunoreactivity in the central infection 
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Figure 3.7.  Analysis of Affinity-Purified Anti-CD-18 Antibody by ELISA.  
Micro-titer plates containing  500 ng of CD-18 peptide per well were subjected 
to ELISA analysis with pre-immune sera or with affinity purified anti-CD-18 
antibodies as described in Materials and Methods. 
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zone of nodules and not in the inner and outer cortical regions of the nodule (compare 
Fig. 3.8A Fig. 3.8D).  Higher magnification micrographs of the central infection zone, 
show that GmN70 immunoreactivity was limited to infected cells with no signal detected 
above background in adjacent uninfected cells (Fig. 3.8B).  Immuno-decoration of 
GmN70 protein showed a uniform punctate pattern throughout the cytosol of the infected 
cell suggesting sub-organellular localization of GmN70 (Figure 3.8B).  No signal was 
detected in control samples probed with pre-immune sera (Figure 3.8C).   
 As a positive control in immunolocalization experiments, nodule tissue was 
probed with antibodies against soybean GmN26 protein.  GmN26 is a well-characterized 
nodule-specific membrane protein that is specifically expressed at a high concentration 
and is found solely on the symbiosome membrane in infected cells where it constitutes 10 
to 15 % of the proteineous fraction of the symbiosome membrane (Fortin et al., 1987; 
Dean et al., 1999; Weaver et al., 1991).  Similar to GmN70, high levels of GmN26 
protein was detected in the central infection zone of nodules but not in the inner or outer 
cortical regions of the nodule (Fig. 3.9).  The similar localization of GmN70 and GmN26 
proteins to the cytosolic space in a punctate manner raised the possibility that GmN70 
protein is localized to the symbiosome membrane similar to GmN26.  To test this 
hypothesis, symbiosome membranes were isolated from nodules of 28 day old soybean 
plants by 2-phase fractionation (Christiansen et al., 1995) or by percoll gradient 
centrifugation (Weaver et al., 1991; Dean et al., 1999) and were assayed for GmN70 
protein by western blot analysis with affinity purified anti-CD-18 antibodies (Fig. 3.10).  
Immunoblot of isolated, purified symbiosome membranes showed the presence of an 
immunoreactive band at 68 kD similar to the proposed molecular mass of GmN70 protein  
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Figure 3.8. Immunolocalization of GmN70 protein in Soybean Nodule Tissue.   
Tissue from 28-day soybean nodules was fixed and sectioned as described in Materials 
and Methods.  A. Low magnification micrograph of a nodule section probed with affinity 
purified anti-CD-18 antibody, left; D. DIC micrograph of the same section, right.  Size 
bar = 150 m.  B. High magnification micrograph of nodule section probed with affinity 
purified anti-CD-18 antibody; E. DIC micrograph of the same section, right.  UC, 
uninfected cell; IC, infected cell; size bar = 20 m.  C. Low magnification micrograph of 
nodule section probed with preimmune serum; F. DIC micrograph of the same section, 
right.  Size bar = 150 m. 
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Figure 3.9: Immunolocalization of GmN26 in Soybean Nodule Tissue.   Tissue from 
post 28 day old soybean nodules was fixed and sectioned as described in Materials and 
Methods.  A. Low magnification micrograph of nodule section probed with anti-GmN26 
antibody, left; D. micrograph of the same section, right.  Size bar = 150 m.  B. High 
magnification micrograph of nodule section probed with anti-GmN26 antibody; E. DIC 
micrograph of the same section, right.  UC, uninfected cell; IC, infected cell; size bar = 20 
m. C. Low magnification micrograph of nodule section probed with anti- GmN26 
preimmune serum; F. DIC micrograph of the same section, right.  Size bar = 150 m. 
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Figure 3.10.  Immuno-Detection of GmN70 Protein in Purified Symbiosome 
Membranes.  Western blot of soybean nodule tissues. 15 g of purified symbiosome 
membrane protein (lanes 1 and 2) were resolved by SDS-PAGE on a 12.5% (w/v) gel 
and were transferred to a PVDF membrane. Lane 3 contains 15 g of protein from 
soybean nodule microsomal fraction.  Western blotting was performed using the affinity 
purified anti-CD-18 antibody. 
91 kD  
50 kD 
1 2 3
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based on its deduced amino acid sequence (Fig. 3.3).  Overall, the results of 
immunocytochemical analysis and western blots indicate that GmN70 is found on the   
symbiosome membrane. 
 
Analysis of GmN70 Protein by Two-Electrode Voltage Clamp of Xenopus Oocytes 
 After key observations that foreign ion channel and transporter RNA injected into 
Xenopus laevis oocytes can be translated into proteins, oocytes have become a popular 
expression system for ion channels, receptors and transporters (Gurdon et al., 1971; 
Miledi et al., 1983).  Based on the similarity to other members of the MFS family, many 
of which show electrogenic transport and can be measured electrophysiologically, two-
electrode voltage clamping was employed to investigate the functional properties of the 
GmN70 protein.  From an experimental approach the advantages of voltage clamping 
were two-fold: 1. The substrate specificity of these transporters could be systematically 
evaluated; 2. Key transport properties such as pH and voltage dependence as well as 
selectivity could be determined. 
 A diagram of the basic two-electrode voltage clamp set up used for these 
experiments is shown in Figure 3.11.  The oocyte is penetrated by two KCl filled 
electrodes, one (Vm electrode) records the transmembrane potential and another (I 
electrode) “injects” current into the cell to clamp the transmembrane potential to the 
desired values controlled by a command voltage from an external amplifier (Fig. 3.11A).  
The resulting flow of current across the membrane is measured by a bath electrode (Fig. 
3.11A).  The signal is filtered and digitized and analyzed using the Labscribe program 
suite as described in the Materials and Methods.  A typical voltage clamp recording is  
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Figure 3.11.  Setup of Two-Electrode Voltage Clamp Recording of Xenopus oocytes.  
A.  A diagram showing the two-electrode voltage clamp setup using the Warner OC-725C  
oocyte system.  The oocyte plasma membrane is “clamped” at fixed set membrane 
potentials by a feedback system involving a current (I) electrode and a membrane voltage 
measuring electrode (Vm).  B.  Typical raw current measurements using the voltage clamp 
technique.  The clampd potentials are indicated to the right of the records.  The region 
used to determine the values of the steady state currents is box in red. 
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shown in Figure 3.11B.  The voltage is held at resting potential of -20 mV (close to the 
equilibrium potential of the oocyte) and is clamped to +80 and the resulting current 
measured for 1 second.  After a brief return to the resting potential, the process is 
repeated at +60 mV.  Successive recording are done at 20 mV increments and a current 
profile similar to the one in Figure 3.11B is obtained.  The steady state current is 
measured (Fig. 3.11B) and a current-voltage plot (“I-V” plot) is constructed.  The 
convention for ion movement is such that positive inflections of current represent a 
positive (+) charge in the bath solution (i.e. either cations moving from the oocyte to the 
bath or anions moving from the bath into the oocyte). 
 To investigate the transport properties of GmN70 protein, cRNA was prepared by 
in vitro transcription and was microinjected into Xenopus oocytes. For Xenopus 
expression, the GmN70 cDNA was cloned into the BglII site of the Xenopus expression 
vector pXßG-ev1 (Preston et al., 1992; Fig. 3.12A).  This vector is commonly used for 
the expression of proteins in Xenopus oocytes for two reasons: 1. It allows in vitro 
transcription of the cDNA into cRNA via the T3 phage promoter; and 2. pXßG-ev1 has 
the 5’ and 3’ untranslated regions of the Xenopus ß-globin gene flanking the BglII site 
allowing the final cRNA transcript to be efficiently translated in vivo after micro-
injection into the oocytes (Preston et al., 1992).  
To determine whether GmN70 protein is expressed and trafficked to the plasma 
membrane of  Xenopus oocytes, GmN70 cRNA (46 ng/oocyte) was microinjected in 
Xenopus laevis oocytes.  After culture of Xenopus oocytes for 5 days, Western blot 
analysis of oocyte extracts reveals an anti-CD-18 immunorective band which is not 
present in control (uninjected oocytes) suggesting expression of GmN70 protein in cRNA  
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Figure 3.12  Expression of GmN70 Protein in Xenopus oocytes.  A. Diagram of the 
pXßG-ev1 Xenopus laevis expression vector with the GmN70 cDNA insert.  B. Western 
blot of oocyte protein lysates probed with anti-GmN70 antibody.  Oocytes were injected 
with GmN70 cRNA (46 ng) or uninjected control oocytes and were incubated for 5 days. 
(lane 1, negative control; lane 2 GmN70 cRNA injected oocytes).  Each lane contains 10 
g of oocyte extract protein.   
91 kD  
50 kD  
1 2
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Figure 3.13. Immunolocalization of GmN70 Protein in Xenopus Oocytes Injected 
with GmN70 cRNA.  Oocytes were incubated for 5 days after injection with GmN70 
cRNA or uninjected (negative control) and then were fixed and sectioned as described 
in Materials and Methods.  A. Low magnification epifluorescent micrograph of 
GmN70 cRNA injected oocyte section probed with affinity purified anti-CD-18 
antibody.  B. Light micrograph of GmN70 cRNA injected oocyte section from A.  C. 
Low magnification epifluorescent micrograph of uninjected oocyte section probed 
with affinity purified anti-CD-18 antibody. Transmittted micrograph of uninjected 
oocyte section probed with affinity purified anti-CD-18 antibody.  D. transmitted 
micrograph of the uninjected oocyte section in C. PM = plasma membrane.  Size bars 
= 150 m. 
A 
PM PM 
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injected oocytes (Figure 12B).  To determine whether proper trafficking of GmN70 
protein to the plasma membrane occurs, oocytes injected with GmN70 cRNA (Fig. 3.13) 
or GmN26 cRNA (positive control) (Fig. 3.14) were fixed, sectioned and probed with 
their respective antibodies.  Epifluorescent images of sections of GmN70 cRNA injected 
oocytes showed high levels of GmN70 immuno-reactivity on the oocyte plasma 
membrane (Fig. 3.13).  A similar pattern was observed with GmN26 expression, which is 
documented to be properly expressed and trafficked to the plasma membrane (Fig. 3.14) 
(Rivers et al., 1997).  Oocytes injected with DEPC-treated water only showed no 
immuno-decoration with either antibody (Fig. 3.13 and 3.14). 
To test the electrophysiological properties of the GmN70 protein, two-electrode 
voltage clamp recording was done in the Frog Ringers base solution in which the NaCl 
component was replaced by various anions and cations.  It should be noted that because 
of the nature of the electrodes used (chlorided AgCl wires) a base Cl- concentration (16 
mM) was needed in all solutions to perform recording.   
A sample series of the anions used in this study is shown in Fig. 3.15.  Gluconate 
was selected as the control ion since it is bulky and considered impermeant.  The first 
observation of a potentially interesting transport behavior of GmN70 protein came from 
the observation that substitution of NaCl with Na gluconate resulted in a depolarization 
of the membrane resting potential (from -16 mV to -3.7 mV; Table 3.1).  This is 
consistent with the shift in the Cl- resting potential.  Subsequent perfusion with an 
identical buffer in which gluconate was replaced with nitrate resulted in a large 
hyperpolarization of the oocyte membrane (Vm = -27 mV).  Analysis of the membrane 
currents of the GmN70-expressing oocytes by two-electrode voltage clamp recording  
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Figure 3.14. Immunolocalization of GmN26 in Xenopus Oocytes Injected with 
GmN26 cRNA. Oocytes were incubated for 5 days after injection with GmN26 cRNA 
or uninjected (negative control) and then were fixed and sectioned as described in 
Materials and Methods.  A. Low magnification epifluorescent micrograph of GmN26 
cRNA injected oocyte section probed with anti-GmN26 antibody (Vincill et al., 
2005).  B. Light micrograph of GmN26 cRNA injected oocyte section from A.  C. 
Low magnification epifluorescent micrograph of uninjected oocyte section probed 
with anti-GmN26 antibody. Transmittted micrograph of uninjected oocyte section 
probed with affinity anti-GmN26.  D. transmitted micrograph of the uninjected oocyte 
section in C. PM = plasma membrane.  Size bars = 150 m. 
PM 
PM Cytosol 
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Figure 3.15.  Anions Used for Two-Electrode Voltage Clamp Recording. 
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Table 3.1. Resting Membrane Potentials and Reversal Potentials of GmN70-injected 
Oocytes in the Presence of Gluconate or Nitrate. 
Oocytea Resting membrane potential 
 
Gluconateb     Nitrate          Chloride 
Reversal potentialsc 
 
Gluconate        Nitrate           Chloride 
uninjected -33.8 mV 
(2.9, n=11)d 
-33.5 mV 
(1.5, n=11) 
-26.5 mV 
(3.4, n=21) 
-32.1 mV 
(5.0, n=8) 
-31.6 mV 
(2.8, n=8) 
-26.7 mV 
(3.4, n=8) 
GmN70 
injected 
-3.8 mV  
(1.2, n=26) 
-27.8 mV 
(1.0, n=26) 
-16.0 mV 
(0.6, n=28) 
-5.1 mV 
(1.3, n=22) 
-27.3 mV 
(1.1, n=22) 
-13.2 mV 
(2.6, n=10) 
 
aOocytes were injected with 45 ng of the indicated cRNA and were cultured for 3-4 days in Frog Ringers 
solution as described in the Materials and Methods. 
bBath solutions consisted of 10 mM Hepes-NaOH, pH 7.6, 6 mM CaCl2, 2 mM MgCl2, and 100 mM of the 
sodium salt of the indicated anion.  
cReversal potentials were calculated from I-V plots of recordings similar to those in Fig. 3.16. 
     dNumbers in parentheses represent SEM.  
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Figure 3.16.  Nitrate-induced Currecnts in Xenopus Oocytes expressing GmN70 
Protein.  Oocytes were injected with GmN70 cRNA and were cultured for 5 days 
prior to two-electrode  voltage clamp recordings as described in “Materials and 
Methods.”  A. Current records from a GmN70-injected oocyte bathed in 100 mM 
NaNO3 or 100 mM sodium gluconate in the presence of the standard recording-bath 
solution.  The plot represents the currents obtained from a step-wise voltage protocol 
in which oocytes were recorded at Vm champed from +60 to -80 mV in 20-mV 
increments.  B. Plot of steady-state currents versus clamped membrane potential (Vm) 
of GmN70 oocytes bathed in 100 mM Na NO3 (white squares) or 100 mM Na 
gluconate (black squares).  Error bars show SEM of currents recorded from three 
separate oocytes.  C. Current voltage relationship of nitrate-induced currents corrected 
for background currents (in the presence of gluconate) for GmN70-injected oocytes 
(white squares) or uninjected control oocytes (black triangles). 
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showed that nitrate also induced elevated outward steady-state currents (Fig. 3.16) and 
shifted the reversal potential of the oocyte to a more negative value (Table 3.1).  In 
contrast, uninjected control oocytes showed little change in resting Vm (Table 3.1) or in  
membrane currents (Fig. 3.16C) in response to these various anions in the recording bath.  
The data suggest that GmN70 mediates the uptake of nitrate by the oocyte.  While nitrate 
induces a large outward current (Fig. 3.16B), a slight increase in outward current was 
also observed in the case of bath solution containing 100 mM Na gluconate.  This is also 
observed in solutions in which Na gluconate is replaced by an isoosmotic solution 
containing mannitol.  As will be discussed further below, selectivity measurements 
suggest that Cl- is also transported by GmN70 and this current is likely carried by the 
residual Cl- in the base bath solution.    
Nitrate transporters in plants are characterized as either high or low affinity transporters 
(Forde, 2000).  To determine the relative affinity of GmN70 for nitrate, the magnitude of 
steady-state currents (I) induced by various NO3- concentrations was determined (Fig. 
3.17A).  Increases in the concentration of NO3- in the bath resulted in an increase in an 
outward current and a corresponding shift in oocyte reversal potential to more negative 
values consistent with the increase in the equilibrium potential of nitrate (Fig. 3.17).  
Plots of the intensity of this outward current versus nitrate concentration show an Imax 
with a linear dependence on Vm and a K0.5 value (defined as the [NO3-] that induces one-
half maximal current) ranging from 1 mM (+75 mV) to 3 mM (+15 mV) (Fig. 3.17C).  
These data suggest that GmN70 shows a mM dependence on nitrate for transport which is 
characteristic of a low affinity nitrate transporter (Forde, 2000). 
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Figure 3.17.  Concentration Dependence of Nitrate-induced Currents in Xenopus 
Oocytes expressing GmN70.  Oocytes expressing GmN70 protein were analyzed by 
voltage clamp recording under standard conditions in the presence of varying 
concentrations of sodium nitrate in the bath.  A. I-V plots of oocytes in the presence of 
100 mM (white squares), 25 mM (black squares), 10 mM (white triangles), and 1 mM 
(black triangles) sodium nitrate.  B. Plot of the steady-state currents as a function of 
bath nitrate concentration recorded at Vm values of +75 mV (black circles), +55 mV 
(white circles), +35 mV (Black diamonds), and +15 mV (white diamonds).  Data are 
the average of determinations from three oocytes with error bars showing the SEM.  
C. Imax (black squares) and K0.5 values (white squares) for nitrate-induced outward 
oocyte currents are expressed as a function of membrane potential (Vm). 
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  Since many members of the MFS exhibit co-transport of protons or other cations 
as part of their mechanism of transport (Pao et al., 1998), the dependence of 
nitratetransport on pH and the nature of the counter cations was investigated (Fig. 3.18).  
The magnitude of the nitrate currents generated at pH 5 was indistinguishable from those 
at pH 7.6, suggesting that unlike many secondary transporters, GmN70 does not have a 
requirement for co-transport of a proton.  Further, GmN70-induced NO3- currents show 
identical I-V plots regardless of whether the counter cation is Na+, K+, or the 
impermeable cation N-methyl-D-glucamine (Fig. 3.18).  Overall, the data suggest a 
uniport movement of nitrate through the GmN70 transporter. 
To investigate the selectivity of transport, currents induced by a series of anions in 
the bath solution were analyzed.  Selectivity was evaluated by assessing two parameters: 
1.  The intensity of the outward current induced by the test anion; and 2. The ratio of 
permeability coefficient (Px / Py for test anions x- and y-) detemined from the reversal 
potentials using the Goldman-Hodgkin-Katz equation.  As shown in Fig. 3.19, nitrite is 
nearly equivalent to nitrate in regard to the amplitude of the induced outward current.  
Substitution of chloride generated currents of diminished intensity, whereas the currents 
generated with organic anions (acetate, malate, and succinate) showed little difference 
from the negative control anion gluconate.  Overall, this indicates a permeability series of 
NO3- = NO2- > Cl- >>> organic anions.  This difference in permeability is also supported 
by analysis of the relative reversal potentials of recordings of GmN70-expressing oocytes 
in NO3-  and Cl- (Table 3.1) in which chloride currents showed a more positive reversal 
potential than those induced by an equivalent concentration of nitrate (Table 3.1).  Based 
on the difference of these reversals, a permeability ratio (Pnitrate/PCl-) of 2.23 (SEM =  
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Figure 3.18.  GmN70 Currents are Independent of Cations and pH.  A. GmN70-
injected oocytes were subjected to voltage clamp recording in 100 mM NO3- salts of 
the following cations: Na+ (white squares), K+ (black circles), and N-methyl-D-
glucamine (white circles).  B. Recordings of GmN70-injected oocytes in the presence 
of 100 mM sodium nitrate at pH 7.6 (white squares) and pH 5.0 (white triangles).  The 
data are the average of recordings from three oocytes with error bars showing the 
SEM. 
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Figure 3.19.  Anion Selectivity of GmN70 and the L. japonicus Ortholog LjN70. 
Oocytes injected with GmN70 cRNA or LjN70 cRNA were subjected to voltage clamp 
under standard conditions.  A. GmN70-injected oocyte I-V plots in the presence of 100 
mM Na NO3- (white squares), 100 mM Na NO2- (black squares), 100 mM NaCl (black 
circles), 66 mM sodium dicarboxylates (33 mM malate and 33 mM succinate, white 
triangles), and 100 mM sodium acetate (black trangles).  B.  Steady-state currents for 
GmN70 or LjN70-injected oocytes at +75 mV obtained with each of the indicated 
anions.  The currents shown in the histograms were corrected for background currents 
by subtraction of basal currents obtained with gluconate substituted as the test anion.  
The error bars show the SEM (n = 3 oocytes). 
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 0.21; n = 7) was determined for oocytes expressing GmN70 protein. 
 To determine whether the orthologous nodulin LjN70 from Lotus japonicus root 
nodules (Szczyglowski et al., 1998) shows a similar transport function, oocytes 
expressing this protein were also investigated using two-electrode voltage clamp.  Similar 
to GmN70, expressing LjN70 also show outward currents in the presence of nitrate and 
nitrite.  However, LjN70 differs from GmN70 since it appears to be impermeable to Cl-.  
Neither proteins showed permeability to organic anions (Fig. 3.19B).  Overall, the data 
suggest that GmN70 and LjN70 are nodule anion transport proteins with a selectivity 
preference for nitrate.  Based on the similarity in transport function, the Nodulin-like 
Anion Transporter (NLAT) was suggested for these proteins (Vincill et al., 2005).  
 
Phylogeny of NLAT Gene Family in Higher Plants 
 A global protein BLAST search for NLAT-related proteins using soybean GmN70 
showed the presence of multiple homologs in all plant genomes sequenced.  To 
investigate the occurrence, prevalence, and phylogeny of the NLAT family in various 
plant species, a phylogenetic tree was constructed with the NLAT genes from the 
annotated genomes of Arabidopsis, rice, and poplar (Fig. 3.20).  The NLAT family is 
even more diverse than originally anticipated (Vincill et al., 2005), with between 17-19 
genes found in each of the analyzed genomes with the protein sequences clustering into 
six monophyletic groups (Fig. 3.20).  These were numbered sequentially starting with the 
functionally characterized nodulin anion transporters GmN70 and LjN70 which cluster 
into Clade 1.  All genomes have representatives in each of the six clades.  Interestingly, 
Arabidopsis, rice and poplar all contain a highly conserved “truncated” gene that clusters  
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Figure 3.20. Phylogeny of the NLAT family.   A phylogenetic analysis of the 
deduced amino acid sequences of NLAT family members is shown as an unrooted 
radial phylogram.  The complete complement of NLAT gene products are included 
from Arabidopsis, rice and poplar.  The nomenclature is based on the gene and 
chromosome number (Arabidopsis and rice) or, in the case of poplar, is described in 
the Materials and Methods.   GmN70 and LjN70 represent the previously 
characterized NLAT nodulins from Vincill et al. (2005).  Poncirus-Q8M6RS Refers to 
the Poncirus trifoliata gene product described in (Yang et al., 2003).  The size bar 
shows evolutionary distance as 0.01 substitutions per amino acid residue.  Boot strap 
numbers from 1000 replicates are shown at the nodes of each subfamily. 
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Table 3.2. Phylogenetic Organization and Nomenclature of Arabidopsis NLAT 
Genes 
Gene 
Numbera 
Cladeb Gene designationc Residue positions of 
nodulin-like domaind 
E value 
     
At2g39210 1 AtNLAT1;1 21-273 9.00E-75 
At2g28120 1 AtNLAT1;2 17-272 9.00E-83 
     
At1g74780 2 AtNLAT2;1 7-268 8.00E-47 
At1g18940 2 AtNLAT2;2 9-268 6.00E-43 
At2g34350 2 AtNLAT2;3 7-262 2.00E-38 
At2g34355 2 AtNLAT2;4 7-264 2.00E-44 
     
At2g16660 3 AtNLAT3;1 14-261 1.00E-58 
At4g34950 3 AtNLAT3;2 16-263 4.00E-68 
     
At5g14120 4 AtNLAT4;1 16-264 6.00E-73 
At3g01930 4 AtNLAT4;2 16-264 2.00E-76 
At5g50520 4 AtNLAT4;3 16-266 1.00E-67 
     
At1g80530 5 AtNLAT5;1 13-261 2.00E-82 
     
At4g19450 6 AtNLAT6:1 7-258 6.00E-68 
At5g45275 6 AtNLAT6:2 7-258 2.00E-70 
At1g31470 6 AtNLAT6:3 43-292 1.00E-66 
At3g01630 6 AtNLAT6:4 41-291 9.00E-66 
At2g30300 6 AtNLAT6:5 7-236 8.00E-50 
aThe gene number is based on the nomenclature described in the materials and methods.  Truncated gene 
products shown in Figure 3.20 were considered putative pseudogenes and were omitted . 
bThe clade number corresponds to the designations shown in the phylogram in Fig. 3.20. 
cThe nomenclature of the genes is based on that adopted for previous transport families in Arabidopsis (Johanson 
et al., 2001). 
dThe similarity to the nodulin-like domain (pfam PF06813) was determined by using the CDD database server as 
described in the materials and methods.  
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in clade 4.  Based on the conserved phylogeny between these three plant species, and 
using the nomenclature developed for other transporter families, we propose gene 
designations shown in Table 3.2 using the Arabidopsis NLAT genes as an example.  Each 
gene product contains the prefix “NLAT” to indicate homology with the nodulin-like 
anion transporter GmN70, followed by two numbers indicating the subfamily and the 
particular gene within that subfamily.  This is an accepted nomenclature system for 
membrane transporters in Arabidopsis (Johanson et al., 2001) 
 Based on similarity to the bacterial oxalate transporter, OxlT (Szczyglowski et al., 
1998), NLATs have been placed into the Major Facilitator Superfamily of secondary 
transporters (Pao et al., 1998).  Analysis of the representative NLAT proteins with the 
membrane topology program TMHMM Server 2.0 shows the general conserved topology 
of the MFS including two clusters of putative transmembrane %-helices separated by an 
extended hydrophilic region (Pao et al., 1998; Fig. 3.21).  A CDD domain search of each 
of the Arabidopsis NLATs shown in Table 3.2 indicates that each contains a conserved 
domain (pfam PF06813) referred to as “nodulin-like,” which is based on relatedness to 
the GmN70 protein and is part of a larger MFS domain family (Pao et al., 1998).  This 
conserved domain is found in the amino-terminal half of each of these proteins and 
contains the first cluster of transmembrane %-helices. 
 Members of the MFS contain between 12-14 transmembrane regions (Pao et al., 
1998).  To generate a topological model of NLAT proteins, the Arabidopsis protein 
AtNLAT1;1 was selected for analysis using transmembrane prediction algorithms and the 
modeling using the OxlT structure (Hirai et al., 2002; Hirai and Subramanian, 2004) as a 
template.  OxlT was chosen since it shows the strongest similarity to the NLAT sequence  
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Figure 3.21.  Results of Transmembrane Predictions of Selected NLAT Proteins.  
Shown are the results of transmembrane predictions of four representative NLAT family 
members, GmN70, LjN70, and Arabidopsis NLAT1;1 and OxlT.  The probability score is 
plotted vs. residue number.  The postitions of putative transmembrane $-helical regions 
based on a 14-transmembrane topology model are indicated.  Alpha-helical regions of the 
amino terminal cluster are shown in red while those in the carboxyl terminal cluster are 
shown in blue.  The postion of conserved “nodulin-like” domain (pfam PF06813) is 
shown as a green bar. 
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of any of the MFS family members for which a structure is available (Szczyglowski et 
al., 1998). 
 Transmembrane prediction and AtNLAT1;1 using algorithms based on the 
Hidden Markov method suggest a topology of 14 transmembrane regions (Fig. 3.21). 
Transmembrane regions 1-3 and 7-9 of OxlT were aligned with the sequences of all clade 
1 members of the NLAT family shown in Fig. 3.22.  Based on this, the highest similarity 
was observed between OxlT 1-3 with the predicted %-helical regions 1-3 of the NLAT 
sequences (Fig. 3.22A), and between OxlT 7-9 with predicted %-helical regions 9-11 of 
the NLAT sequences (Fig. 3.22B). Overall, the topology that is predicted from these 
alignments for the NLAT family is an amino terminal cluster of eight %-helices 
comprising the nodulin-like domain (Pfam PF06813), and a second cluster of six %-
helices forming the second domain (Fig. 3.23).  The NLAT members of all six clades 
show a similar topology with highly conserved, and often invariant residues, found 
throughout the predicted %-helical and loop regions (Fig. 3.23B, C). 
 
Functional Characterization of AtNLAT1;1 and AtNLAT1;2 by Two-electrode 
Voltage Clamp-Analysis 
 The functional properties of the proteins encoded by the two clade 1 genes of 
Arabidopsis, AtNLAT1;1 and AtNLAT1;2, were analyzed by expression in Xenopus 
oocytes and two-electrode voltage clamp recording by the approaches used for GmN70 
and LjN70 (Fig. 3.24).  Similar to the previous observations with GmN70 (Table 3.1), 
replacement of Cl- in the Frog Ringer’s solution with the impermeant anion gluconate  
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Figure 3.22.  Alignment of Selected Helices of OxlT and Members of NLAT Clade 1.  
Selected helices of OxlT based on crystal structure and model predictions (Hirai et al., 
2002; Hirai and Subramaniam, 2004) were aligned with the corresponding helices of the 
NLAT1 family members from Arabidopsis, rice, poplar and the archetypical sequences 
GmN70 and LjN70 (see phylogenetic tree in Fig. 3.20) using Clustal X 1.8.  The resulting 
alignment was evaluated using the Jalview Multiple alignment sequence editor (Clamp et 
al., 2004).  The sequence is colored according to similarity based on the Blosum 62 score 
with dark blue indicating identity and light blue indicating a positive Blosum 62 score.  
The conservation score is based on the index described by Livingstone and Barton (1993) 
with the higher numeric scores reflecting a higher conservation of the physiochemical 
properties of the amino acid at this position.  A.  Alignment of amino terminal  $-helices 
1-3 of OxlT with predicted $-helices 1-3 of Clade 1 NLAT sequences.  B.  Alignment of 
the symmetrical carboxyl terminal $-helices 7-9 of OxlT with the predicted $-helices 9-11 
of Clade 1 NLAT sequences. 
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Figure 3.23.  Topology Model for the AtNLAT1;1 Protein.  A. A topology model 
showing the putative 14 transmembrane $-helices of AtNLAT1;1. B.  The amino 
terminal cluster of $-helices 1-8 , and C. The carboxyl terminal cluster of helices  9-
14 are shown with highly conserved amino acids highlighted.  Residues that are 
invariant among all NLAT protein sequences are shown as blue diamonds.  Other 
highly conserved residues are represented by maroon squares (greater than 90% 
identity) or green circles (greater than 70% identity). 
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Figure 3.24. Functional Characterization of AtNLAT1;1 and AtNLAT1;2 
Transporters in Xenopus oocytes.  Oocytes injected with AtNLAT1;1 cRNA (Panel 
A) and AtNLAT1;2 cRNA (Panel B) cRNA were assayed by two electrode voltage 
clamp as described in the Materials and Methods.  Panel A and B show I-V plots of 
the induced currents in the presence of 100 mM NaNO3 (black squares), 100 mM 
NaCl (whites squares), or 100 mM Na gluconate (black circles).   The error bars show 
the SD (n=6).  Panel C.  Histogram of the steady state currents of AtNLAT1;1 and 
1;2 or control uninjected  oocytes at a holding potential of +25 mV in the presence of 
100 mM  Cl- or NO3-.  The currents were corrected by subtraction of the background 
currents obtained with 100 mM sodium gluconate (i.e., an impermeant anion).  The 
error bars showing the SEM (n = 3 for uninjected controls, n=6 for AtNLAT1;1 and 
AtNLAT1;2 oocytes).  
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Table 3.3.  Resting Membrane Potentials and Reversal Potentials of GmN70-, 
AtNLAT1;1-, AtNLAT1;2-injected Oocytes in thePresence of Gluconate, Chloride, or 
Nitrate. 
Reversal Potentials (mV) 
oocytea gluconateb chloride nitrate PNO3/PClc 
uninjected -27.7 
(1.76 n=3)d 
-29.0 
(2.08 n=3) 
-27.3 
(0.88 n=3) 
- 
GmN70 +4.7 
(2.40 n=3) 
-23.3 
(3.48 n=3) 
-45.3 
(2.03 n=3) 
2.60 
AtNLAT1;1 +7.7 
(2.68 n=6) 
-35.7 
(1.50 n=6) 
-42.1 
(1.53 n=6) 
1.34 
AtNLAT1;2 +2.3 
(3.42 n=6) 
-30.8 
(3.75 n=6) 
-40.8 
(3.48 n=3) 
1.56 
aOocytes were injected with 45 ng of the indicated cRNA and were cultured as described in the Materials and 
Methods.   
bBath solutions consisted of 10 mM HEPES-NaOH, pH 7.6, 6 mM CaCl2, 2 mM MgCl2, and 100 mM of the 
sodium salt of the indicated anion.   
cReversal potentials were calculated from I-V plots.  
dNumbers in parentheses represent SEM.  
 
 
resulted in a depolarization of the plasma membrane resting potential and a shift in the 
reversal potential to positive values (Fig. 3.24 and Table 3.3).  The substitution of Cl- or 
NO3- for gluconate results in the induction of a large outward current in AtNLAT1;1 and 
1;2 injected oocytes, consistent with anions moving from the bath into the oocyte (Fig. 
3.24C).  Further, the presence of Cl- and NO3- in the bath resulted in a large shift (40-50 
mV) in the reversal potential to more negative values, consistent with the change in the 
equilibrium potentials of Cl- and NO3- (Table 3.3).  By using the Goldman-Hodgkin-Katz 
equation, the permeability ratio (PNO3-/PCl-) of AtNLAT1;1 and AtNLAT1;2 was 
evaluated (Table 3.3).  Interestingly, both AtNLAT1;1 and AtNLAT1;2 show less 
selectivity for NO3- over Cl- as compared to the soybean NLAT GmN70 arguing that 
these proteins could potentially transport either anion under cellular conditions. 
 To investigate the selectivity of transport in oocytes expressing AtNLAT1;1 
protein, currents induced by a series of anions in the bath solution were analyzed (Fig. 
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3.25).  Similar to GmN70, AtNLAT1;1 was selective for the inorganic anions nitrate, 
nitrite, and chloride but was impermeant to the organic anions acetate, succinate, and 
malate.  Uninjected oocytes showed little to no permeability to all anions tested compared 
to AtNLAT1;1-injected oocytes(Fig. 3.25B).  These data show that the transporter 
encoded by AtNLAT1;1 has a selectivity profile similar to those encoded by GmN70 and 
LjN70 and suggests that AtNLAT1;1 may function as an inorganic anion transporter in 
Arabidopsis. 
 
Investigation of the Tissue and Organ Expression and Subcellular Localization of 
AtNLAT1;1  
 AtNLAT1;1 is the Arabidopsis member of the GmN70-like clade 1 (Fig. 3.20) that 
shows the highest sequence identity to GmN70 (63.7 % amino acid sequence identity).  
The finding of a highly similar GmN70-like protein in a genetically tractable system 
provides the advantage of investigating the effects associated with altering its expression, 
and may provide insight into possible function that may be applicable to both legume and 
non-legume plants.  For this reason we chose to investigate the properties of AtNLAT1;1 
in Arabidopsis.   
 To determine the tissue and organ expression of AtNLAT1;1, total RNA samples 
were isolated from leaf, root, stem, flower, and silique tissues of six week-old 
Arabidopsis plants, and were subjected to Northern blot analysis and Q-PCR analysis.  
Northern analysis using the cloned AtNLAT1;1 radiolabeled cDNA as a specific probe  
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Figure 3.25.  Anion Selectivity of AtNLAT1;1 Protein.  Xenopus oocytes were 
injected with AtNLAT1;1 cRNA prepared by in vitro transcription (Guenther and 
Roberts, 2000).  After three days, oocytes were subjected to two electrode voltage 
clamp in Frog Ringers solution with 100 mM of the indicated anions in the place of 
the standard chloride formulation (Vincill et al., 2005).   Steady state currents for 
AtNLAT1;1 expressing (Panel A) and control (Panel B) oocytes at a clamped 
potential of +70 mV are plotted for each of the indicated anions.  The error bars show 
the SEM (n = 3 oocytes). 
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(Fig. 3.26B) show that AtNLAT1;1 is highly expressed in vegetative shoot tissue (leaves 
and stems) comparatively less transcript observed in root and reproductive tissues.  To 
further verify these findings and to gain a more quantitative and sensitive assay for 
AtNLAT1;1 expression, a quantitative real time-PCR (Q-PCR) assay with gene specific 
AtNLAT1;1 primers was devised.  Total RNA was isolated from different developmental 
tissues (flower, silique, stem, leaf, and root) and cDNA was synthesized and used as a  
template for Q-PCR (Fig. 3.26A).  Overall, the data from this set of experiments support 
those of the Northern blot analysis, and show that AtNLAT1;1 is expressed at high levels 
in vegetative shoot tissues. In order to investigate the sub-cellular localization of the 
AtNLAT1;1 protein, the full-length AtNLAT1;1 cDNA was fused with YFP using a plant 
expression vector driven by the double 35S Cauliflower mosic virus promoter (Gen Bank 
Accession no. AY89981; Subramanian et al., 2004).  This introduced an in-frame fusion 
of YFP at the C-terminal end of AtNLAT1;1.  Arabidopsis mesophyll protoplasts were 
transformed with the AtNLAT1;1-YFP construct and visualized after 24 hours using 
epifluorescent microscopy.  The fluorescent imaging of protoplasts show that the YFP-
signal accumulates at the cell periphery in a manner consistent with plasma membrane 
expression (Fig. 3.27A).  Western blot analysis of leaf membrane extracts also show that 
the anti-AtNLAT1;1 antibody cross-reacts with a protein with an apparent molecular 
weight of 65 kDa (Fig. 27B) which is consistent with the proposed molecular weight of 
AtNLAT1;1 (66 kD, based on the deduced amino acid sequence).  
 
Regulation of AtNLAT1;1 by Biotic Stress Stimuli 
Investigation of the microarray database Genevestigator 
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Figure 3.26. Tissue Expression of AtNLAT1;1 Transcript.  Total RNA was 
extracted from flower, silique, stem, leaf, and root tissues of six-week old Arabidopsis 
plants and AtNLAT1;1 expression was analyzed by A. Q-PCR or B. by Northern blot.   
For Q-PCR the relative expression is normalized based on the expression in siliques. 
For Northern blot, total RNA (20 g) was resolved by electrophoresis on a 1.2% (w/v) 
agarose-formaldahyde denaturing gel and was transferred to a nylon membrane.  
Hybridization was performed with a  $-32P-dATP-nick translated probe derived from 
AtNLAT1;1 transcipt. The blot was exposed to film for 48 hours at –80 ºC with an 
intensifying screen. 
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Figure 3.27. Subcellular Localization of AtNLAT1;1 Protein-YFP fusion in 
Arabidopsis Protoplasts and Immuno-Detection of Native AtNLAT1;1 Protein in 
Leaf Microsomes.   A.  AtNLAT1;1 with a C-terminal YFP tag (AtNLAT1-YFP) was 
transiently expressed in Arabidopsis protoplasts.  Panel 1, Differential Interference 
Contrast (DIC); Panel 2, chlorophyll autofluorescence (560-580nm excitation/600-
650nm emission wavelength filter set); Panel 3, Yellow Fluorescent Protein (YFP; 
480-520 excitation/ 520-540 emission filter set); and  panel 4, Merged chlorophyll 
autofluorescence with YFP imaging.  B.  Leaf microsomes were isolated and 
resolved (15 µg protein) by SDS-PAGE electrophoresis, transferred to PVDF 
membrane and subjected to western blotting as described in Materials and Methods 
using affinity purified anti-AtNLAT1;1 antibody.  Molecular weight markers are 
indicated to the left. 
2 
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(http://www.genevestigator.com) indicated that a variety of environmental and biological 
stresses are potential regulators of AtNLAT1;1 expression.  To investigate these 
observations further and to obtain cellular information on AtNLAT1;1 expression, a dual 
approach of Q-PCR assay as well as the analysis of AtNLAT1;1 promoter::GUS 
transgenic plants was employed.  GUS (ß-glucuronidase) is an enzyme that catalyzes the 
hydrolysis of ß-O-glycosidic linkages in the chromogenic substrate 5-bromo-4-chloro-3-
indoyl-ß-D-glucuronide (X-Gluc) to generate an indigo blue chromogenic precipitate 
visible down to a single cell or tissue type.  This is an extremely tractable tool to analyze 
gene expression in a tissue- and cell-specific manner with the promoter of the gene of 
interest (AtNLAT1;1) driving expression of GUS.  AtNLAT1;1 promoter-ß-glucuronidase 
fusions were generated by cloning 1500 bp of the promoter region on the gene -1 to -
1500 upstream from start codon into the pCAMBIA1391Z vector with a promoterless 
GUS reporter gene.  Transgenic Arabidopsis were generated with the resulting constructs 
and plants derived from the T1 seed were analyzed.   
Among the stress stimuli that induce the expression of AtNLAT1;1 is the plant 
defense signaling hormone, salicylic acid.  Q-PCR analysis of two week old Arabidopsis 
plants show AtNLAT1;1 is upregulated in a time-dependent manner with a 12-fold 
increase in expression by 24 hours after treatment (Fig. 3.28A).  Analysis of the leaves of 
transgenic AtNLAT1;1::GUS plants sprayed with 5 mM salicylic acid also showed 
induction of AtNLAT1;1-promoter driven GUS expression (Fig. 3.28B).  Interestingly,  
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Figure 3.28.  Analysis of AtNLAT1;1 Gene Expression in Arabidopsis Plants 
Challenged with Salicylic Acid.  A. Two-week old Arabidopsis plants were treated 
with 5 mM salicylic acid or with water mock-treated control.  Total RNA was 
extracted at indicated time-points and AtNLAT1;1 gene expression was analyzed by 
Q-PCR.  The relative expression was normalized with the expression at the 0 time-
point. B. Three-week old plants carrying the AtNLAT1;1::GUS transgene were treated 
with 5 mM salicylic acid for 24 hours (leaf on right) or mock treated with water (leaf 
on left) and assayed for GUS activity as described in Materials and Methods.  C.  
Higher magnification of SA treated leaf in panel B above showing staining of 
trichomes. 
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GUS activity was observed to be upregulated specifically in the trichomes compared to 
other cell or tissue types of the leaf (Fig. 3.28B and C).  Trichomes are a specialized cell 
type that are known to be involved in a variety of defense related processes including the 
biosynthesis of anti-herbavory compounds and anti-microbial metabolites (Clauss et al., 
2006; Bowling et al., 1997) and  is also implicated in the storage and detoxification of 
toxic heavy metals (Choi et al., 2001, 2004; Choi and Harada, 2005).  
A major role for salicylic acid in higher plants is to serve as a signal for 
systematic acquired resistance to plant pathogens (Loake and Grant, 2007).  Infection of 
plants with compatible bacterial, viral, or fungal pathogens results in the release of 
salicylic acid which triggers a genetic program resulting in the enhanced pathogen 
resistance.  Pseudomonas syringae is a common bacterial pathogen that causes bacterial 
leaf spot on plants and is an important model for molecular plant pathology because of its 
ability to induce the systematic aquired resistance (SAR) defense pathway in 
Arabidopsis.  Numerous studies have determined that the plant defense hormone salicylic 
acid is involved in this pathway.  Therefore to determine whether induction of 
AtNLAT1;1 is part of the plant’s response to pathogen infection, the effects of 
Pseudomonas syringae pv tomato inoculation were investigated.  
Two week-old Arabidopsis plants inoculated with P. syringae pv tomato 
DCT6D1 (Cuppels, 1987) show an acute 7-10 fold upregulation of AtNLAT1;1 
expression within 2 hours of being challenged with the bacteria, with a subsequent 
gradual decline over 72 hours (Fig. 3.29A).  Analysis of the leaves of AtNLAT1;1::GUS 
transgenic lines infiltrated with the DCT6D1 strain of P. syringae pv tomato (1 x 105 
bacteria per ml H2O) also shows enhanced GUS expression (Fig. 3.29B) which is  
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Figure 3.29.  Analysis of AtNLAT1;1 Gene Expresson in Arabidopsis Plants 
Challenged with Pseudomonas syringae pv tomato DCT6D1  A.  Two week old WT 
Arabidopsis plants were sprayed with Pseudomonus syringae cv tomato strain 
DCT6D1 (1 x 105 bacteria / ml H2O) or were mock-treated with water.  Total RNA 
was extracted at the indicated time-points and AtNLAT1;1 gene expression was 
analyzed by Q-PCR.  The relative expression was normalized with the expression at 
the 0 time-point.  B. Three week old  AtNLAT1;1::GUS transgenic lines were 
infiltrated with P. syringae cv tomato strain DCT6D1 at the same concentration as in 
panel A (leaf on left) or with mock treated by infiltrating leaf with water (leaf on 
right) for 24 hours.  The point of infiltration with a 28-guage needle is indicated with 
white arrow.   
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consistent with a systematic defense response documented with P. syringae pv tomato 
(Kim et al., 2008).  In contrast, mock (water) treated leaves of AtNLAT1;1::GUS show 
only a local GUS staining at the site of infiltration (Fig. 3.29B).  This is likely due to 
wounding response which also shows an upregulation of the AtNLAT1;1 promoter (see 
next section).  Overall, the results indicate that pathogen infection and salicylic acid  
 induce the expression of the gene encoding the AtNLAT1;1 anion transporter, albeit with 
different kinetics and localization.  
 
Regulation of AtNLAT1;1 Gene Expression by the Abiotic Stress Stimuli: 
Wounding, Touch, and Salinity. 
 Abiotic stress cues often share some of the same defense signaling pathways as 
biotic stresses.  A survey of various abiotic stresses revealed that the expression of the 
AtNLAT1;1 gene is upregulated, in particular by tactile stimuli (Fig. 3.30) as well as 
salinity stress (Fig. 3.31).  In response to wounding, AtNLAT1;1 promoter driven GUS 
expression was localized to areas around the site of wounding (Fig. 3.30A).  Even gentle 
mechanical stimulation by simple touch induces GUS activity at the site of stimulation 
with a punctate pattern foci (leaf on the left; Fig. 3.30B).  At higher magnification, the 
punctate pattern is due to staining of guard cells (Fig. 3.30C).  Elevated salinity (NaCl)  
shows that AtNLAT1;1 expression is induced with elevated expression which is 
particularly apparent in the leaf vascular tissue based on GUS staining (Fig. 3.31).  Q-
PCR shows that AtNLAT1;1 expression is upregulated in a time-dependent manner by 
increases in media salinity with an acute 7-10 fold upregulation at AtNLAT1;1 within 2 
hours of salinity challenge (Fig. 3.31B).  
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Figure 3.30.  Analysis of AtNLAT1;1 Gene  Expression in Response to 
Mechanical Stimuli.  Three week old transgenic AtNLAT1;1 promoter::GUS 
Arabidopsis plants were treated as described below.  A.  Leaves were subjected to 
wounding by cutting the leaf with a razor blade (leaf on left) and were compared to a 
non-wounded control (leaf on right).  GUS expression was assayed 1 hour after 
treatment.  B. Leaves were touched for 15 seconds with a gloved hand (leaf on right) 
and were compared to an untouched control (leaf on right).  GUS activity was assayed 
1 hour after treatment.  C.  Higher magnification of touch treated leaf in panel B 
above showing staining of guard cells.    
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Figure 3.31.  Analysis of AtNLAT1;1 Gene Expression in Arabidopsis Plants in 
Response to Elevated NaCl.  A. Three week old  AtNLAT1;1::GUS transgenic lines 
grown in soil were watered with 250 mM NaCl (leaf on left) or with water (leaf on 
right).  After 24 hours, plants were assayed for GUS activity as described in Materials 
an Methods.  B. Two-week old WT or mitogen-activated protein kinase 3 (AtMPK3) 
knock-out Arabidopsis plants were treated as described in panel A.  Total RNA was 
extracted at the indicated time-points and AtNLAT1;1 gene expression was analyzed 
by Q-PCR.  For Q-PCR the relative expression was normalized with the expression at 
the 0 time-point.    
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  One of the key pathways for sensing, transducing, and activating plant responses 
to biotic and abiotic stresses is the mitogen-activated protein kinase (MAPK) pathway.  
MAPK3 is the principal MAPK involved in wounding, touch, and salinity response 
(Zhang et al., 2006).  Q-PCR analysis of a AtMAPK3 T-DNA knockout line (Wang etal., 
2007) shows that it lacks the salinity-driven upregulation of AtNLAT1;1 (Fig. 3.31B).  
These data suggest that AtNLAT1;1 gene expression is regulated, at least in part, by 
MAPK3 and, more globally, by the MAPK signaling cascade. 
  
Analysis of the AtNLAT1;1 Knockdown Mutants 
In order to determine the potential function of AtNLAT1;1 in response to biotic 
and abiotic stresses, it is desirable to obtain Arabidopsis plants with perturbations in 
expression (e.g. gene knockout and RNAi plants or overexpression plants).  An 
examination of the Salk collection (http://signal.salk.edu) showed no available T-DNA 
insertional mutants of AtNLAT1;1.  Therefore, attempts to generate AtNLAT1;1 
overexpression lines or RNAi lines were undertaken.  Transformation with RNAi 
constructs were unsuccessful, but 15 lines of transgenic plants containing AtNLAT1;1 
cDNA driven by the CaMV35S promoter were generated.  The surprising finding was that 
Q-PCR analysis of 6 of these lines showed varying degrees of knockdown of the 
AtNLAT1;1 gene expression by 2 to 4 fold (Fig. 3.32A).   
Because AtNLAT1;1 functions as an inorganic anion transporter in Xenopus 
oocytes, and is transcriptionally regulated by salinity, we investigated whether these lines 
plants showed any sensitivity to salinity stress.  Challenge of the AtNLAT1;1 knockdown 
lines with NaCl show that they have enhanced sensitivity to NaCl manifested by a  
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Figure 3.32.  Q-PCR Expression Analysis of CaMV 35S::AtNLAT1;1 Transgenic 
Plants, and Growth Curve Analysis in Response to Salinity Stress.  A. The 
AtNLAT1;1 transcript levels of two week old Arabidopsis plants carrying the CaMV 
35S::AtNLAT1;1 transgene were analyzed by Q-PCR  The relative expression was 
normalized with the expression of WT.   The data represent the mean of three 
biological replicates with the error bar showing the standard deviation. Panels B, C, 
and D. Arabidopsis plants carrying the CAMV35S::AtNLAT1;1 transgene and wild-
type were germinated on ½ strength Murashige and Skoog (MS) basal medium 
supplemented with 100 mM (panel B), 50 mM (panel C), and 0 mM (panel D) NaCl 
and were grown for 2 weeks under long-day conditions before measuring the primary 
root length.  Each bar represents the mean of 23 replicates with error bars showing the 
SD.   
 121
WT 1-1 1-2 1-5 1-12 1-13 1-15
0.0
0.2
0.4
0.6
0.8
1.0
1.2
AtNLAT1;1 Overexpression Lines
Fo
ld
 In
du
ct
io
n 
(L
og
2)
WT 1-1 1-2 1-5 1-12 1-13 1-15
0.0
2.5
5.0
7.5
10.0
12.5
15.0
AtNLAT1;1 Overexpression Lines
Pr
im
ar
y 
ro
ot
 le
ng
th
 (m
m
)
WT 1-1 1-2 1-5 1-12 1-13 1-15
0
10
20
30
40
50
AtNLAT1;1 Overexpression Lines
Pr
im
ar
y 
R
oo
t L
en
gt
h 
(m
m
)
C 
WT 1-1 1-2 1-5 1-12 1-13 1-15
0
10
20
30
40
50
AtNLAT1;1 Overexpression Lines
Pr
im
ar
y 
R
oo
t L
en
gt
h 
(m
m
)
100 mM NaCl
50 mM NaCl 0 mM NaCl 
Q-PCR
D
BA 
AtNLAT1;1 Knockdown Lines AtNLAT1;1 Knockdown Lines 
AtNLAT1;1 Knockdown Lines AtNLAT1;1 Knockdown Lines 
 122
decrease in root growth as compared to WT plants (Fig. 3.32 and 3.33) as well as an 
overall decrease in shoot size and leaf development (Fig. 3.33).  Interestingly, the 
severity of the phenotype correlated with the amount of knockdown of AtNLAT1;1 
transcript in the mutant lines.  As an example the AtNLAT1;1-12 transgenic line had the 
largest decrease in the AtNLAT1;1 transcript of the lines tested (Fig. 3.32A) and also had 
the most severe phenotype as compared to the other mutant alleles of AtNLAT1;1 (Fig. 
3.32B, C and D). We also investigated the possibility that the altered growth phenotype 
was a result of osmotic stress by repeating the experiment with 200 mM mannitol which 
is an equivalent osmolarity as 100 mM NaCl on the AtNLAT11;1-1 mutant line and WT 
Arabidopsis (Fig. 3.34).  The data show that there is no significant difference (P> 0.5) in 
the growth response to osmotic stress between WT and the AtNLAT1;1-1 mutant line 
(significance was determined using an unpaired t-test).  Overall the data suggest that the 
AtNLAT1;1 knockdown transgenic lines have a reduced amount of AtNLAT1;1 transcript 
and show enhanced sensitivity to salinity stress as compared to WT Arabidopsis, and that 
this is a result of the ionic nature of the stress and not due to a simple increase in media 
osmolarity. 
 Ion homeostasis is tightly regulated in plants by a multitude of sensors and 
transporters and channels.  Thus the knockdown of a chloride/nitrate transporter could 
result in global changes in ion homeostasis in planta.  To investigate this, we employed 
and “ionomics” approach using inductively-coupled plasma-mass spectroscopy (ICP-MS) 
to investigate the overall perturbations in the ion status in AtNLAT1;1 knockdown plants 
as compared to wild-type Arabidopsis.  Elemental profiling of lithium, boron, sodium, 
magnesium, phosphorus, sulfur, potassium, calcium, chromium, manganese, iron, cobalt,  
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Figure 3.33.  Growth Analysis of the CaMV 35S::AtNLAT1;1-1 Plants on NaCl.  
A,B and C.  Image of the CaMV 35S::AtNLAT1;1 and wild-type root growth on ½ x 
MS supplemented with 0 mM (Panel A), 50 mM (Panel B), 100 mM (Panel C) NaCl. 
D.  Image of aerial parts of wild-type and AtNLAT1;1-1 mutant grown on ½ x MS 
supplemented with 100 mM NaCl. 
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Figure 3.34.  Growth Analysis of the CaMV 35S::AtNLAT1;1-1 Mutant Allele on 
Mannitol.  The CAMV35S::AtNLAT1;1-1 transgenic line and wild-type were 
germinated on ½ X Murashige and Skoog (MS) basal medium supplemented with 0 
mM or  200 mM mannitol and grown for 2 weeks under long-day conditions before 
measuring the primary root length.  Each bar represents at the mean of at least 38 
replicates with error bars showing the standard deviation. 
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nickel, copper, zinc, arsenic, selenium, rubidium, molybdenum, cadmium, and boron on 
the leaves of 4 AtNLAT1;1 knockdown mutants and WT was performed at the Purdue 
Ionomics Center.    A typical ionomics ICP-MS analysis is shown in Figure 3.35.  
Twelve leaf samples from each line are analyzed separately and the amount of each 
element is standardized to the tissue weight.  In addition to the 4 AtNLAT1;1  lines, a 
negative control “dummy-line” represented by a SALK knockout mutant with no changes 
in metal homeostasis (SALK-031340) and a positive control mutant line (frd3-1) that 
over accumulates Zn and Mn were also analyzed (Fig. 3.36).   
 Z-value plots for each element were generated based on the standard deviations 
from the mean of wild-type plants (Fig. 3.36).  Compared to control Arabidopsis plants, 
the AtNLAT1;1 lines show a similar pattern of disruption of ion homeostasis (Fig 3.36).  
While several ions show significant deviation from wildtype values, we chose to analyze 
K+ and Rb+ further since they showed the greatest standard deviation from WT 
Arabidopsis above a threshold of 2 Z-value (Fig 3.36).  Comparison of the standard ICP-
MS values show a 20% increase in potassium and rubidium levels in the mutant lines 1-1 
an 1-2 as compared to WT (Fig 3.37).  Overall the data suggest that knockdown of 
AtNLAT1;1 induces perturbations in the ion homeostasis of Arabidopsis leaves with the 
most significant effects observed with potassium and the potassium homolog rubidium.  
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Figure 3.35.  ICP-MS Analysis of the Ionome of Wild-Type Arabidopsis Plants.  
The metal, metalloid, phosphorous, and sulfur content of  the leaves of wild-type 
Arabidopsis plants are shown.  The data represent the average obtained from the 
analysis of 12 samples with error bars showing the standard deviation.  The elements 
are separated on the basis of prevalence in plant:  A. major elements; B. intermediate 
elements; C. micro elements. 
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Figure 3.36.  Comparison of the Metal Content of AtNLAT1;1 Lines with Wild-
type and Other Control Arabidopsis Plants.  The Z-values represent the number of 
standard deviations away from the mean of the background control line, calculated as 
described previously (Baxter et al., 2007).  Two AtNLAT1;1 lines (1-1 and 1-2) are 
shown compared to wild-type Arabidopsis, a negative control T-DNA insertional line 
(Salk-031340), and the positive control frd3-1 mutant, (Rogers and Guerinot, 2002) 
which overaccumulates metals such as Mn and Zn. 
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Figure 3.37.  AtNLAT1;1 Mutants Show Enhanced Accumulation of Potassium 
and the Potassium Analog Rubidium.  The results of ICP-MS are shown with error 
bars showing the SEM of 11-12 leaf samples.  SO31 refers to the negative control T-
DNA insertional line (Salk-031340).  Significance was determined by unpaired 
student t-tests with *** indicating P< 0.001 and ** indicating P< 0.01. 
 132
 
K39
0
20
00
0
40
00
0
60
00
0
wild type
1-1
1-2
1-9
1-11
S031(con)
***
***
***
**
#g K/g tissues
Rb85
0 10 20 30 40
wild type
1-1
1-2
1-9
1-11
S031(con)
**
***
**
**
#g Rb/g tissues
Na23
0
40
0
80
0
12
00
wild type
1-1
1-2
1-9
1-11
S031(con)
#g Na/g tissues
 133
CHAPTER IV 
DISCUSSION 
 
GmN70 and LjN70: Orthologous Nodulin Inorganic Anion Transporters 
 GmN70 and LjN70 show similarities in gene expression, cellular and subcellular 
localization and transport function suggesting that they may be orthologous nodulin 
genes in the legumes Lotus japonicus and Glycine max.  Similar to LjN70 (Szczyglowski 
et al., 1998), GmN70 mRNA shows enhanced expression at later stages of nodule 
organogenesis.  By immunolocalization and western-blot analysis, GmN70 protein shows 
preferential expression on the symbiosome membrane within infected cells of soybean 
nodules.  LjN70 protein also shows expression on isolated L. japonicus symbiosome 
membranes (Guenther and Roberts, unpublished observations).   Both LjN70 and GmN70 
appear to encode a polytopic membrane protein with transmembrane regions organized in 
2 groups with the N-terminal %-helices separated from the C-terminal %-helices by a 
large hydrophilic-loop, a topology similar to MFS transporters (Pao et al., 1998).  This 
topology and the phylogeny of GmN70 and nodulin-related proteins is discussed further 
below. 
Xenopus oocytes expressing GmN70 protein displayed distinct 
electrophysiological properties.  Perfusion of these oocytes with a solution in which NaCl 
was replaced by the Na salt of the impermeant anion gluconate resulted in depolarization 
of the plasma membrane.  Subsequent perfusion with solutions containing chloride or 
nitrate resulted in restoration of negative membrane potentials and the induction of 
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outward currents measured by two-electrode voltage clamp recording.  It has been noted 
that Xenopus oocytes have an endogenous calcium-induced voltage-activated chloride 
channel (Dascal, 1987; Machaca and Hartzell, 1999).  The measured currents in GmN70 
oocytes are distinguished from these endogenous currents since (1) they show no time-
dependent openings or desensitization, (2) replacement of Ca2+ ions in the bath with Mg2+ 
or Mn2+ does not affect the currents (data not shown), and (3) uninjected control oocytes 
do not show any of the behaviors listed above for the GmN70 oocytes.  Collectively, 
these results suggest that GmN70 is permeable to both chloride and nitrate,  Furthermore, 
the permeability to chloride explains the depolarization observed upon perfusion of 
oocytes with gluconate.  In this case the bath [Cl-] is reduced from the standard 110 mM 
in Frog Ringers solution to 16 mM.  Assuming that the internal [Cl-] of the oocyte is 33 
mM (Dascal, 1987) this would shift the equilibrium potential for Cl- to a + value.  Since 
GmN70 is permeable to Cl-, depolarization of the oocyte plasma membrane upon 
lowering the bath Cl- is plausible, and suggests that either inward or outward transport of 
Cl- is possible through GmN70 depending on the electrochemical gradient.  Based on the 
magnitude of the current and differences in the reversal potential from I/V plots, nitrate is 
favored over chloride as a transport substrate for GmN70 (PNO3/PCl ratios between 2.2 to 
2.6 [see Tables 3.1 and 3.3]).   
Analysis of the currents induced by the LjN70 transporter show nearly identical 
anion selectivies as those of the GmN70 transporter except for an even greater preference 
for NO3- over Cl- (Fig. 3.19).  Members of the MFS family often are secondary 
transporters that transport multiple substrates utilizing proton or other ion gradients to 
provide energy coupling using either a symport or antiport mechanism (Pao et al., 1998).  
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However, none of GmN70 and GmN70-like transporters show any dependence on 
protons or other cations in the bath, suggesting that they transport inorganic anions 
independently of these potential co-substrates, likely by a uniport mechanism.  While H+- 
and Na+-symport transporters are more prevalent in the MFS family,  uniporters are also 
represented in the family.  Interestingly, the MFS family was originally named the 
‘uniporter-symporter-antiporter’ family before being renamed the Major Facilitator 
Superfamily (Pao et al., 1998).  Because of the nature of secondary transporters relying 
on the established electrochemical gradient for the driving force of the transport of 
solutes, uniport transport of uncharged solutes such as sugars has no effect on the 
membrane potential.  However uniport transport of charged ions would disrupt the 
established membrane potential and possibly dissipate it.  In some cases such as the 
excretion mechanisms of the kidney, intestines, and liver of mammals this mechanism of 
transport is prevalent with the Organic Cation Transporter (OCT) family and Mono-
carboxylate Transporter (MCT) family (Pao et al., 1998).  The potential role for the 
uniport transport of anions by the GmN70 transporter in relation to the membrane 
potential across the symbiosome membrane is discussed in more detail in the next 
section. 
 
Functional Role of The GmN70 Transporter in the Soybean 
 Functional analysis of plant nitrate transporters of the MFS family shows that they 
are members of one of two families, the nitrate-nitrite transport family, which encode 
high-affinity nitrate transporters (NRT2 family) and a lower affinity nitrate transporter 
family (NRT1 family) with sequence similarity to the peptide transporters of yeast and 
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plants (for review, see Forde, 2000; Orsel et al., 2002).  Based on the measured K0.5 of 
nitrate transport by the GmN70 transporter (1–3 mM), it would be classified as a lower 
affinity transporter.  However, unlike both NRT1 and 2 transporters, GmN70 shows no 
apparent dependence on protons or cations for transport, and has a sequence that is 
distinct from both classes of nitrate transporters.  Indeed, a comparison of the amino acid 
sequence of GmN70 and LjN70 transporters with MFS family members for which a 
function is documented shows that they are divergent in sequence with only a slight 
similarity with the Oxalobacter formigenes oxalate:formate exchange protein (OxlT; 30% 
similarity; Abe et al., 1996; Szczyglowski et al., 1998) and the murine monocarboxylate 
transporter 1 (MCT-1; 34% similarity; Carpenter et al., 1996).  Similar to GmN70, OxlT 
and MCT-1 exhibit a substrate specificity for anions (Abe et al., 1996; Carpenter et al., 
1996), although these later two transporters have a specificity for organic anions rather 
than inorganic anions. 
The transport properties of the symbiosome membrane have attracted 
considerable interest given the pivotal role that this plant-derived membrane plays in 
nitrogen-fixing symbiosis (Udvardi and Day, 1997; Day et al., 2001).  The symbiosome 
membrane is an “energized” membrane which uses the energy provided by a proton 
motive force to drive substrate transport (Fig. 4.1 and 4.2).  The membrane is energized 
by an ATPase proton pump that generates an electrical (! %) and pH gradient (!pH) by 
transporting protons into the lumen of the symbiosome (Udvardi and Day, 1989; Fig. 
4.1).  This gradient plays an important role in driving the uptake of negatively charged 
dicarboxylates as an energy source to support nitrogen fixation by the bacteroid (Ou 
Yang et al., 1990) and also is proposed to regulate the release of fixed NH4+ through the  
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Figure 4.1.  Comparison of Various Anions in the Ability to Dissipate the 
Soybean Membrane Potential with the Selectivity Series of GmN70 Permeability.  
A.  Soybean symbiosomes were loaded with the voltage sensitive fluorescent dye, 
oxonol V, in which fluorescence is quenched upon generation of a membrane 
potential.  Substrates indicated in graph were tested on their ability to dissipate the 
membrane potential.  The proton ionophore, CCCP, was used as a positive control 
(Udvardi and Day, 1989).  B. The permeability of GmN70 expressed in Xenopus 
laevis oocytes to the same  inorganic and organic anion series.  
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inwardly rectified voltage-dependent cation channel (Tyerman et al., 1995; Roberts and 
Tyerman, 2002 see Fig. 4.2).  Additionally, the pH of the lumen is thought to be an 
important factor controlling pH-sensitive hydrolytic activities within the symbiosome, 
which is considered to be a lytic organelle (Mellor, 1989; Brewin, 1991).  By using the 
potential-sensitive dye oxonol V, it was previously shown that the ! % generated by the 
H+-ATPase in isolated intact soybean symbiosomes can be collapsed by the addition of 
anion salts, suggesting an anion transporter on the symbiosome membrane (Udvardi and 
Day, 1989; Udvardi et al., 1991).  Interestingly, the effectiveness of the various anion 
salts to dissipate the soybean symbiosome membrane potential (! %) is identical to the 
permeability profile of the GmN70 (nitrate > nitrite >> chloride >>> acetate = 
dicarboxylates) (Fig. 4.2).  The finding of GmN70 on symbiosome membranes supports 
the hypothesis that this protein is responsible for this pmf-dissipating anion transporter 
activity measured with isolated symbiosomes.  
What potential function would an anion/nitrate transporter play on the 
symbiosome membrane? Several potential roles are possible.  The ! % generated by the 
H+-ATPase on the symbiosome membrane could drive the transport of permeate anions 
through the GmN70 protein into the symbiosome space.  This in turn causes a decrease in 
! % and a coordinate increase in ! pH, resulting in the acidification of the symbiosome 
space.  In support of this, it has been observed that isolated soybean symbiosomes 
undergo an acidification in the presence of chloride or nitrate anions in response to the 
addition of ATP (Udvardi et al., 1991).  Coordinate regulation of these transport 
processes would control the transmembrane potential of the symbiosome membrane as 
well as the pH of the symbiosome space.  The potential significance of this coordinate  
 140
Figure 4.2.  Dynamics of the Proton Pump and Metabolite Exchange in the 
Soybean Symbiosome Membrane.  A proton motive force (pmf) consisting of an 
electrical (/!) and a / pH component is generated by a P-type H+-ATPase (Udvardi 
and Day, 1989).  This pmf drives the uptake of malate anions through a malate 
specific relay involving 1. a symbiosome membrane malate transporter (Udvardi et 
al., 1988) and 2. a bacterial dicarboxylate transporter encoded by the dctA gene 
(Yurgel and Kahn, 2004), as well as the export of fixed nitrogen in the form of NH4+ 
through 3. a voltage-activated inwardly-rectified cation channel (Tyerman et al., 
1995; Roberts and Tyerman, 2002).
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regulation of transmembrane voltage and lumen pH is discussed further below. 
Additionally, since the symbiosome is the major intracellular organelle of the infected 
cell, anion transport may also play a role in osmoregulation and cytosolic ion 
homeostasis, similar to the function that has been proposed for anion transport on the 
tonoplast membrane of vacuoles of other plant cell types (Barbier-Brygoo et al., 2000). 
The selectivity of the GmN70 transporter for nitrate is also interesting in light of 
the fact that nitrogen-fixing symbioses are induced under nitrogen-poor conditions (i.e. 
low-soil nitrate) and are sensitive to the availability of alternative forms of nitrogen.  
Indeed, in the presence of nitrate (a preferred source of nitrogen), nodule development is  
suppressed, nitrogen fixation of existing nodules is inhibited, and senescence is promoted 
(Streeter, 1988; Carroll and Matthews, 1990).  The effects of nitrate on these processes is 
complex and involves a variety of temporally controlled physiological changes including 
restriction of oxygen diffusion into the infected zone (Carroll et al., 1987), deprivation of 
carbohydrate supply to the nodule (Streeter, 1988), and production of reactive oxygen 
species (Matamoros et al., 1999).   
It has been also suggested previously (Udvardi and Day, 1989) that nitrate uptake 
via the anion transporter on the symbiosome membrane could uncouple the H+-ATPase 
pump in response to elevated cytosolic nitrate levels.  What would be the outcome of this 
uncoupling?  First, the membrane potential of the symbiosome membrane would 
depolarize.  This would adversely affect metabolite exchange by reducing the driving 
force for the uptake of dicarboxylates and the efflux of NH4+ (Fig. 4.1).  In addition, since 
efflux of NH4+ is tightly regulated by time-dependent voltage-gating of the inwardly 
rectified cation channel (Tyerman et al., 1995; Roberts and Tyerman, 2002), a 
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depolarization of the symbiosome membrane would further inhibit NH4+ efflux by 
shutting this cation channel.  Secondly, nitrate uptake by symbiosomes may directly 
affect bacteroid metabolism since increases in soil nitrate induce enhanced levels of 
bacteroid nitrate and nitrate reductases and a concomitant decrease in nitrogenase activity 
(Arrese-Igor et al., 1997; Lucinski et a., 2002).  Lastly, since dissipation of the ! % 
results in acidification of the symbiosome space, a collapse of the !% by nitrate transport 
across the symbiosome membrane could be a trigger for senescence of the bacteroid by 
turning the symbiosome into a “lytic” organelle by activating pH sensitive hydrolytic 
enzymes (Mellor, 1989).  pH has been proposed to be the cue for bacteroid senescence.  
In this regard, GmN70 may play the role of a “nitrate sensor” triggering changes in ionic 
and voltage homeostasis that could provide additional control of nitrogen fixation in 
response to the availability of alternative nitrogen sources. 
 
Phylogeny of the NLAT Gene Family 
During the examination of the EST libraries of soybean as part of the early stages 
of the GmN70 cDNA cloning project, it became apparent that paralogs of this gene are 
expressed in other vegetative tissues.  This was among the first indications that GmN70 
and LjN70 are part of a larger gene family, and that the function of this family extends 
beyond their role in legume-rhizobia symbioses.  The examination of three sequenced 
plant genomes (Arabidopsis, rice, and poplar) has provided a comprehensive analysis of 
the diversity of this family, and shows that the genes can be divided into 6 monophyletic 
“groups” with Arabidopsis having 17, rice having 18, and poplar having 19 NLAT-like 
genes.  This finding suggests that plants contain a closely related family of transporters 
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related to GmN70, and may have a broader role beyond symbiosis.  Analysis of other 
recent plant genomes including the grape species, Vitis vinfera (Velasco et al., 2007) and 
the moss species, Physcomitrella patens (Rensing et al., 2007) show that diversification 
of this family into all 6 clades is present.  Moreover, based on a global BLAST search, 
NLAT and NLAT-like sequences are not present in other non-plant genomes, indicating 
that this is a plant-specific gene family.  Further, the presence of the NLAT family in the 
non-vascular plant Physcomitrella patens suggests that plants may have developed a need 
for these proteins early in land plant evolution. 
As a point of nomenclature, we have coined the term “Nodulin-like anion 
transporter” or “NLAT” (Vincill et al., 2005), for this extended gene family based on: 1. 
their similarity to the archetypical nodulins GmN70 and LjN70; and 2. the anion 
transporter activity associated with all functionally characterized members of the family.  
Since the initial publication of this nomenclature (Vincill et al., 2005), the extent and 
diversity of this family has increased, and we acknowledge that alternative transport 
functions may exist.  Thus, the term “NLAT” refers to documented anion transporters in 
this family as well as uncharacterized proteins with structural and sequence homology to 
these transporters.  Whether these genes are responsible for some of the anion/nitrate 
transport activities documented on other plant membranes remains to be determined 
(reviewed in, Angeli et al., 2007).  
 There are a few things to note about this extended gene family.  Clade 4 includes 
three highly conserved “pseudo” genes in all three fully sequences genomes: Arabidopsis, 
At3g01930; rice, 12004-m08291; poplar, P. tricharpa-8; (Figure 3.20). These are genes 
that have a partial ORF as compared to the other NLAT members, but have very high 
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sequence identity to the full-length ORF of other NLAT genes within this truncated 
region.  They also have a start and stop codon.  Since these pseudo-genes are conserved 
in all 3 plant genomes, it is unlikely that this is an error from sequencing, but may have a 
functional or regulatory role in this gene family.  As an example these genes in rice and 
Arabidopsis have the typical cluster of 6 transmembrane spanning $-helices comprising 
the second half of the MFS fold, but have lost the first half.  For speculation, if these 
genes are translated to the protein level these “second-half” NLAT genes may be 
functional if reconstituted with other NLAT proteins a into functional “hybrid”.  
Conversely, at the protein level, they could also disrupt normal NLAT protein folding 
and function.  At the transcription level, these pseudo-genes may regulate gene 
expression of other closely related NLAT genes through an RNAi silencing pathway 
(Vaughn and Martienssen, 2005).  . 
 Using the Arabidopsis 16 full-length NLAT genes as a template we devised a 
naming scheme for this family similar to that used for Major Intrinsic Proteins (Johnson 
et al., 2001).  In this case the gene is named by an abbreviation of genes and species 
name, followed by the “NLAT” acronym, and two numbers designating the clade (1 
through 6) and the number within that clade (Table 3.2). 
 
Proposed Topology of the NLAT Family 
All NLAT proteins share a similar topology, including two clusters of predicted 
%-helices separated by an extended central loop region.  By multiple sequence alignment, 
highly conserved and often invariant amino acids are found within the predicted %-
helices and interhelical loops within each cluster (Fig. 3.23).  Each NLAT member shows 
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the conserved “nodulin-like” MFS domain (pfam PF06813, Finn et al., 2006) which 
contains the amino terminal half of the protein.   
Analysis of the MFS Superfamily shows that they typically contain between 12-
14 transmembrane %-helices arranged in two helical bundle clusters separated by a 
central hydrophilic loop region.  In our initial characterization of GmN70 (Vincill et al., 
2005), a 12-transmembrane polytopic membrane protein model was suggested based 
strictly on a Kyte-Doolittle hydropathy plot.  To generate a more careful analysis we used 
several transmembrane topology prediction programs as well as modeling based on the 
structurally-related OxlT for which an electron crystallographic structure has been solved 
(Hirai et al., 2002).  OxlT is a twelve transmembrane MFS oxalate:formate antiporter 
(Anantharam et al., 1989) which consists of two clusters of six %-helices separated by a 
hydrophilic, cytosolic loop region.  Based on the crystal structure of the protein, the 
helices can be arranged in four symmetrical 3-helical clusters with helices 1-3 showing 
structural homology to helices 4-6, 7-9, and 10-12 (Hirai et al., 2002).  Typically, helices 
3, 6, 9, and 12 tend to be peripheral and more hydrophobic and do not participate in pore 
formation, where as helices 2, 5, 8, and 11 show more hydrophilic character and form the 
central substrate transport pathway (Hirai et al., 2002).  Helices 1, 4, 7, and 10 are tilted 
and form access to either the cytosolic side of the membrane (4 and 10) or the 
extracellular side of the membrane (helices 7 and 10).  The structure is similar to the high 
resolution X-ray structures solved for the Lac permease LacY (Abramson et al., 2003) 
and the glycerol-3-phosphate/Pi antiporter GlpT (Huang et al., 2003).  Analysis of the 
proposed topology of NLATs suggested a topology of 14 transmembrane regions with 8 
transmembrane %-helices on the N-terminal side separated from the 6 transmembrane %-
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helices on the C-terminal side by a large cytoplasmic loop.  Helices 2 and 4 are the most 
hydrophilic of the 14 proposed transmembrane %-helices, and have a weaker overall 
probability score in AtNLAT1;1 and GmN70 (see Fig. 3.21), and this is likely the reason 
for the differences between previous predictions of 12 transmembrane %-helices (Vincill 
et al., 2005) and the model put forth here. 
We propose that a 14 transmembrane %-helical model may be more plausible for 
the following reasons.  First, multiple sequence alignments with the related MFS protein 
OxlT showed the strongest homology between helices 1-3 of the 14 transmembrane 
model, including a conservation of a MFS signature sequence (G-X3-D/E) in the 
predicted six amino acid loop region between helix 2 and helix 3 (Goswitz and Brooker, 
1995; Pao et al., 1998; Hirai et al., 2003; Fig. 3.23).  Also, the length of this loop region 
at symmetrical positions within the MFS fold (e.g. helix 2 and 3 and helix 8 and 9 in 
OxlT) is short and highly conserved.  Second, similar to NLATs, the second 
transmembrane %-helix of OxlT is highly hydrophilic and is often mispredicted as a loop 
region by transmembrane prediction algorithms.  Likely, this is because this %-helix, as 
well as the symmetry-related helices 5, 8, and 11 are typically more hydrophilic since 
they form the lining for the pore in the OxlT structure (Hirai et al., 2002; Hirai et al., 
2003; Hirai and Subramanian, 2004). 
Comparison of the protein sequence of representative NLAT-like Arabidopsis 
genes from other clades also supports the 14-transmembrane model (e.g. see Fig. 3.21).  
Although the 14-transmembrane topology is not as common in the MFS family as the 12-
transmembrane topology, there are several members that have been characterized with 14 
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transmembrane %-helical segments.  For an example, the DHA14 subfamily of Major 
Facilitator Superfamily encode multi-drug resistance efflux channels with 14 
transmembrane %-helices (Pao et al., 1998; Putman et al., 2000).  Crystallographic 
structural information for these proteins is not yet available, and it is not clear how the 
two additional %-helices would affect the packing that is characteristic of the fold of 12-
transmembrane %-helical MFS proteins such as LacY (Abramson et al., 2003), GlpT 
(Huang et al., 2003) and OxlT (Hirai et al., 2002).  However, work with the 14-
transmembrane tetracycline transporter TetL of Bacillus subtillus (Jin et al., 2001) shows 
that deletion of transmembrane %-helices 7 and 8 effectively converts the protein into a 
12-transmembrane transporter with altered specificity.  In this case the transporter loses 
the ability to catalyze the efflux of tetracycline and becomes a Na+/H+ antiporter.  This 
suggests that extra %-helices 7 and 8 confer substrate selectivity.  Further mutagenesis of 
representatives of the NLAT family is needed to rigorously test the 14-transmembrane 
model and to determine the role of various %-helical regions in determining transport 
selectivity. 
As a final note, alignment of NLATs with OxlT reveal the conservation of 
charged amino acids within otherwise hydrophobic transmembrane sequences that may 
play a role in substrate binding and transport.  For example, oxalate-2 binding to OxlT is 
mediated by electrostatic interactions with two conserved basic side chains, R272 in 
transmembrane %-helix 8 and K355 in Transmembrane %-helix 11 (Yang et al., 2005; 
Wang et al., 2006).  Mutagenesis of either of these lowers the Vmax and raises the Km for 
oxalate exchange (Wang et al., 2006).  Structural models for OxlT as well as for GlpT 
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show the conservation of the two basic residues, which are found approximately 10 Å 
apart in position to form electrostatic interactions with divalent anions (oxalate for OxlT 
and Pi for GlpT), (Hirai and Subramanian, 2004., Huang et al., 2003).  Examination of all 
NLAT protein sequences show that one of these transmembrane basic residues, an 
arginine in the second %-helical region of the C-terminal cluster (%-helix 10, see Fig. 
3.22B and 3.23C) is 100% conserved in all NLAT proteins investigated as part of this 
study.  The presence of a conserved highly hydrophilic positively-charged residue in a 
helix that is proposed to form the conduction pathway in MFS proteins is significant, and 
this may constitute an anion-binding site for NLAT transporters. 
 
Characterization of the Transport Properties and Sub-Cellular Localization of 
AtNLAT1;1 in Arabidopsis Protoplasts 
Consistent with their high similarity to GmN70, both Arabidopsis clade 1 
members the AtNLAT1;1 and  AtNLAT1;2 proteins exhibit an electrophysiological 
transport profile similar to GmN70 and LjN70 with a preference for inorganic anions 
such as NO3- and Cl-, and a lack of permeability for organic anions such as acetate, 
succinate, and malate.  Interestingly, AtNLAT1;1 showed a lower NO3-/Cl- permeability 
ratio as compared to GmN70 and LjN70 suggesting that either anion maybe a 
physiological substrate.  To date, four NLAT genes from clade 1 have been functionally 
characterized and the results support the idea that clade 1 proteins are specific for 
inorganic anions.   
Expression analysis of the mRNA transcript indicates AtNLAT1;1 is expressed 
mainly in the leaves and shoots of the plant.  Transient expression of YFP-tagged fusions 
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of AtNLAT1;1 protein in Arabidopsis protoplasts indicated it to be expressed on the 
plasma membrane.  Consistent with this result, a previous report indicated AtNLAT1;1 
protein to be localized to the plasma membrane by nano-LC/MS/MS (Alexandersson et 
al., 2004).  Overall, the transport and localization data suggest that AtNLAT1;1 is a 
plasma membrane Cl- and NO3- transporter.  
 
Regulation of AtNLAT1;1 Gene Expression By Biotic Stress Signals 
While AtNLAT1;1 is expressed predominately in the shoot tissues under normal 
growing conditions, it became clear that it is also subject to acute regulation by both 
biotic and abiotic stress cues.  For example, infection of Arabidopsis leaves with 
Pseudomonas syringae pv tomato DCT6D1 caused an upregulation of AtNLAT1;1 gene 
expression with maximal expression occurring two hours after pathogen challenge.  This 
suggests that AtNLAT1;1 may be involved in early events in pathogen defense responses.  
Furthermore, by global transcriptional profiling it has been shown that treatment of 
Arabidopsis plants with the purified Pseudomonas syringae elicitor, flagella 22 (Flg22) 
upregulated AtNLAT1;1 expression by 20-fold after 3 hours (Denoux et al., 2008) further 
supporting our observations with Pseudomonas syringae pv tomato.  In addition, several 
studies have reported an increase in anion channel activity on the plasma membrane of 
plant cells upon challenge with pathogens or “elicitors.”  Elicitors are chemical signals 
released by microbial pathogens (also more recently referred to as “microbe associated 
molecular patterns” or MAMPs) which are detected by plant cell surface receptors (e.g., 
“receptor-like kinases”) triggering a programmed plant immune response mediated by a 
MAP Kinase signaling cascade pathway (Bent and Mackey, 2007).  In several cases, it 
 150
has been shown that early events in elicitor signal transduction also trigger changes in ion 
movements and extracellular pH.  For example, elicitors such as cryptogen from 
Phytophthora cryptogea (Wendehenne et al., 2002), Pep-13 from Phytophthora 
megasperma (Nürnberger et al., 1994; Pugin et al., 1997; Zimmermann et al., 1998), 
harpin from Erwinia amylovora (Wei et al., 1992), and Flg22 from Pseugomonas 
syringae (Denoux et al., 2008) activate plasma-membrane anion channels which drive 
efflux of Cl- and NO3-, from the cytoplasm to the extracellular space resulting in plasma 
membrane depolarization.   
Rapid ion movements, membrane depolarization, and a concomitant cytosol 
acidification/media alkalinization are hallmarks of the early part of the hypersensitivity 
response to pathogen attack (Heath, 2000).  These are proposed to be part of the signaling 
response that initiates pathogen plant defense (Nürnberger et al., 1994) and may also be 
involved in long distant electrical signaling events to elicitor as well as abiotic 
environmental stresses as well (Barbier-Brygoo et al., 2000, Colcombet et al., 2005).  
Considering its transport properties and localization, AtNLAT1;1 protein may be part of 
the anion transport machinery that can contribute to the depolarization of the plasma 
membrane (anions leaving the cell).  Efflux of anions from the cell does not require an 
active transport process, instead outward-directed anion gradient (e.g. plant leaf 
mesophyll cells store a large quantity of chloride and nitrate, 30 to 70 mM, whereas the 
extracellular space is around 1-5 mM) would drive efflux (Zhen et al., 1991; Miller and 
Smith 1992; Barbier-Brygoo et al., 2000).  In addition, longer term responses during the 
“programmed cell death” (PCD) part of the hypersensitivity response involve 
remobilization of metabolites (including nitrate) from dying cells to other parts of the 
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plant (Feller and Fischer, 1994).  Whether nitrate transporters, including AtNLAT1;1, are 
involved in this repartitioning of nitrogen resources needs to be investigated further.   
In addition to the observation that AtNLAT1;1 is upregulated during the early 
events in plant pathogen defense, the observation that salicylic acid also regulates 
AtNLAT1;1 expression support an additional defense role in systemic acquired resistance 
(SAR).  Stimuli that induce SAR involve long-distance signaling events that trigger a 
genetic program through which plant tissues away from the localized site of pathogen 
attack acquire resistance to subsequent attack (Dong, 2001).  Salicylic acid is a well-
characterized plant defense mediated hormone that is synthesized locally as well as 
distally from the site of pathogen infection (Dong, 2001; Loake and Grant, 2007).  Work 
with mutant nahG Arabidopsis plants (Guffney et al., 1993) with reduced salicylic acid 
levels showed that this plant hormone is essential for the induction of the SAR response.  
Therefore, our observation that salicylic acid treatment of leaves induces the expression 
of AtNLAT1;1 is not surprising given the results obtained with P. syringae infection.  
Interestingly, microarray expression analysis of the nahG mutant shows a 5-fold 
reduction in AtNLAT1;1 expression (Buchanan-Wollaston et al., 2005), further linking 
AtNLAT1;1 expression to the defense hormone salicylic acid.   
However, pathogen and salicylic acid treatment showed strikingly different 
responses with respect to AtNLAT1;1 expression kinetics and cellular localization.  For 
example, in contrast to rapid (within 2 hours) induction of AtNLAT1;1 expression upon 
pathogen inoculation, spraying leaves with 5 mM salicylic acid results in a more gradual 
increase in the expression of AtNLAT1;1 with maximal expression after 24 hours.  
Additionally, salicylic acid treatment differs from P. syringae treatment since it results in 
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cell-specific accumulation in trichomes.  Trichomes are known to be involved in a variety 
of defense-related processes including the biosynthesis of anti-herbavory compounds, 
such as glucosinolates, and anti-microbial metabolites (Clauss et al., 2006; Bowling et al., 
1997).   
However, the trichomes of Arabidopsis are of the “simple” nonglandular type 
which in general do not secrete these secondary products (Wagner et al., 2004).  Simple 
trichomes are proposed to play a multitude of roles in plant physiology including 
temperature regulation, protection from UV light, and constitute a mechanical barrier to 
insect herbivores (reviewed by Wagner et al., 2004).  A role for salicylic acid signaling in 
Arabidopsis trichomes is not well established.  Salicylic acid treatment actually decreases 
the amount of trichomes on Arabidopsis leaves (Traw and Bergelson, 2003) presumably 
as a defense measure to prevent susceptibility to infection by physically trapping 
pathogen agents (Calo et al., 2006).  At this time, the reason for enhanced AtNLAT1;1 
expression in the trichomes of salicylic acid-treated leaves remains unclear.  However it 
is noteworthy that the expression profile of AtNLAT1;1 is distinct in Pseudomonas 
syringae pv tomato infection and salicylic acid treatment.  The two different responses 
suggest that AtNLAT1;1 may be involved in early events in pathogen defense response as 
well as in longer term systemic resistance responses. 
 
Regulation of AtNLAT1;1 Gene Expression by Salinity 
There are several lines of evidence to suggest that AtNLAT1;1 is involved in the 
adaptive response to salinity stress: 1. Investigation of the expression pattern of 
AtNLAT1;1 in response to salinity stress shows it is upregulated sharply in the first 2 
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hours after the onset of salinity stress and then declines to control levels.  2.  This 
response is lacking in the MAPK3 null mutant suggesting that AtNLAT1;1 is among the 
targets of regulation for this stress-activated protein kinase.  3.  The AtNLAT1;1 
knockdown lines show stunted root and leaf growth phenotypes when challenged with 
salinity stress.  4. The AtNLAT1;1 protein is permeable to chloride, an activity that may 
be important in ion homeostasis.  5. AtNLAT1;1 knockdown lines show alterations in 
their ionome compared to wild-type controls.  
Salinity poses a serious threat to crop yield and future food production with 
significant areas of cultivated land affected (Møller and Tester, 2007).  As summarized 
by Munns and Tester (2008), toxicity to elevated salt in soils is mediated by two principle 
affects.  First there is the initial increase in the osmolarity of the media which induces a 
rapid water loss from tissues resulting in loss of turgor and a severe inhibition of tissue 
expansion and growth.  To combat this osmotic stress, an adaptive response of osmotic 
adjustment is induced which involves the accumulation of osmoprotectant compounds 
such as proline, glycine betaine, and sugar alcohols (Nuccio et al., 1999) to restrict water 
loss as well as adaptive changes, in ion homeostasis.  Second, there is the ionic effect 
resulting from the accumulation of toxic levels of Na+ and Cl- in plant tissues (Munns and 
Tester, 2008).  Arabidopsis is considered a “salt intolerant” plant showing sensitivity to 
NaCl concentrations as low as 40 mM (Møller and Tester, 2007).  Much of the research 
in Arabidopsis has been focused on Na+ toxicity during salinity stress with the salt overly 
sensitive genes (SOS1, SOS2, SOS3) and the vacuolar Na+/H+ NHX antiporter emerging 
as key players that regulate the compartmentization and excretion of Na+ in the plant cell.  
The SOS genes (Salt overly sensitive) were identified by genetic screens for defective 
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root growth under mildly stressful salinity conditions (50 mM NaCl; Wu et al., 1996).  
SOS1 was identified from this screen and was shown to encode a plasma membrane 
Na+/H+ antiporter that excludes Na+ from the cytosol.  SOS2 and SOS3 encode a protein 
kinase and calcium-sensor protein that activate SOS1 by phosphorylation of the 
transporter (Ishitani et al., 2000).  AtNHX1 catalyzes the uptake and accumulation of Na+ 
in the vacuole (Aspe et al., 1999).  This presumably aids in decrease toxicity due to: 1. 
Sequestration of Na+ away from the cytosolic compartment where it is acutely toxic; and 
2. An increase in the osmolarity of the vacuolar sap which aids in turgor adjustment by 
restricting water loss (Møller and Tester, 2007; Munns and Tester, 2008).  
Overexpression of these genes results in improved salinity tolerance in Arabidopsis 
(Aspe et al., 1999; Shi et al., 2003), 
When subjected to mild (50 mM) and strong (100 mM) NaCl stress the 
AtNLAT1;1 knockdown transgenic plants showed short primary root growth and stunted 
leaf development compared to WT Arabidopsis plants.  This type of sensitivity to salinity 
stress has been seen in the salt overly-sensitive mutants SOS1, SOS2, SOS3(Wu et al., 
1996; Ishitani et al., 2000).  Consistent with this observation, AtNLAT1;1 is upregulated 
during salinity stress, and argues for a potential role for this anion transporter in ion 
homeostasis during salinity stress.  However, the exact role that AtNLAT1;1 might play in 
this process is less clear.  Little is known about how plants deal with elevated 
concentration of Cl,-, although certain crop plants such as soybean, grape, and citrus show 
an apparently greater sensitivity to Cl- accumulation than to Na+ accumulation (Munns 
and Tester, 2008).  One possible answer may lie in the thermodynamics of ion 
redistribution under conditions of elevated salinity (Munns and Tester, 2008).  Under 
 155
salinity stress coordinate regulation of both Na+ and Cl- accumulation is required to 
maintain counter ion balance.  For example, as discussed above, one way in which plants 
respond to NaCl toxicity is by vacuolar sequestration of Na+ by the tonoplast Na+/H+ 
antiporter AtNHX1.  This is driven by a H+-ATPase energizing the tonoplast for 
secondary transport of Na+ in the vacuole by AtNHX1 (Ratajczak, 2000).  A 
consideration of the model of Munns and Tester (2008), shows that at least two anion 
transporters are needed for effective NaCl transport to the vacuole: 1. A plasma 
membrane Cl- permeable uniport or channel, and 2. A vacuolar uniport or channel.  If 
these activities are not present, a restriction in the ability to accumulate Na+ might occur, 
increasing toxicity. 
Another indication that AtNLAT1;1 is involved in ion transport and homeostasis 
comes from the ionomic analysis of AtNLAT1;1 knockdown lines.  Analysis of four 
distinct AtNLAT1;1 lines show subtle but significant increases in the cations K+ and Rb+.  
Interestingly there was no difference in the content of Na+ (Fig. 3.37) although the 
content of this ion is typically low under normal growing conditions.  Potassium is the 
most abundant cation in higher plants and plays a multitude of different roles as an 
osmolyte, an enzyme co-factor, and as a critical cation for voltage homeostasis.  The 
molecular mechanisms governing K+ transport and homeostasis are complex with a wide 
variety of transport mechanisms involving high and low affinity specific ion channels 
(Schachtman, 2000), non-selective cation channels (Demidchik et al., 2002) and 
secondary transporters (Rodriguez-Rosales et al., 2008) involved.  The reason for an 
elevation of K+ and the K+ analog Rb+ in AtNLAT1;1 knockdown plants is not yet clear.  
Moreover, potassium is interesting with respect to chloride homeostasis, because of its 
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role as a counter-cation to chloride.  Potassium is involved in many essential processes 
such as phloem transport, osmoregulation, and stomatal movement (Marschner, 1995), 
thus changes of as little as 20% in potassium composition could have a profound 
influence on growth and development.  The most parsimonious explanation is the 
reduction in AtNLAT1;1 protein results in an ion imbalance that indirectly increases the 
K+ content in Arabidipsis leaves.  For example, a decrease in anion efflux across the 
plasma membrane could potentially hyperpolarize the plasma membrane resulting in 
increased K+ uptake.  Further, analysis of the specific ionic content (Cl-, NO3-, K+, Na+) 
of wild-type and AtNLAT1;1 knockdown lines is needed under normal and salinity stress 
conditions to test this hypothesis further.  
 
MAP Kinase Signaling and Plant Defense 
MAPK cascades are major pathways that transduce signals from extracellular 
stimuli into intracellular responses (Zhang and Klessig, 2001) and have been shown to 
have pivotal roles in plant defense pathways.  Research in the last 10 years shows that 
MAP Kinase cascades are involved in a number of stress stimuli, including responses to 
pathogens, heat/cold, osmotic, nutrient stresses as well as to developmental cues (Mishra 
et al., 2006).  MAPKs directly affect the activity of target substrates by phosphorylation 
and modulation of their activities.  In addition, MAPKs affect the regulation of numerous 
genes by indirectly activating defense related transcription factors such as the WRKY 
family (e.g.WRKY22 and WRKY29; Asai et al., 2002) which bind to the cis-acting 
elements called “W-boxes” in the promoters of defense related genes and regulates 
transcription.  Furthermore, Zhang and coworkers demonstrated that a constitutively 
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activated MPK3, induces WRKY22 and WRKY29 in the absence of elicitors (Liu and 
Wang, 2007).  Interestingly, many of the same defense signals observed to upregulate 
AtNLAT1;1 such as salinity and P. syringae upregulate and activate MAPK3. 
Furthermore, consistent with its proposed role in these responses, knock-out lines of 
MAPK3 (Wang et al., 2007) show no change in AtNLAT1;1 expression in response to 
salinity stress with AtNLAT1;1 gene expression remaining at control levels throughout 
the time-course of the experiment.  These data suggest AtNLAT1;1 gene expression under 
salinity stress is regulated, at least in part, by MAPK3.  
 
Other Potential Functions of Plant NLAT Genes 
 The work in this dissertation has provided insight into the biochemical and 
biophysical function and the expression profiles, of two members of the NLAT family, 
GmN70 and AtNLAT1;1.  However it is important to realize that this gene family is 
extensive (Fig. 3.20) and that data on the transport function and biological roles of these 
various genes is sparse.  With respect to transport function, it remains undetermined 
whether all encode inorganic anion transporters, or whether they have diversified and 
have aquired other transport functions.  Preliminary voltage-clamp data with AtNLAT2;1 
(Vincill and Roberts, unpublished) suggests a similar anion selectivity as AtNLAT1;1 
and AtNLAT1;2, suggesting that members of clade 2 share this transport property.  
Further, multiple sequence alignment shows conservation of an invariant arginine in helix 
10 (Fig. 3.33) which is involved in anion substrate interaction with the structurally 
related protein OxlT (Wang et al., 2006).  Further functional analysis of representatives 
of the various other NLAT subfamilies is needed to determine whether they function as 
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anion uniporters. 
 While a wealth of information is now available from microarray studies regarding 
transcriptional regulation of Arabidopsis NLATs, specific biological functions have yet 
to emerge.  However, two studies merit mentioning.  First, in one microarray study, an 
analysis of the differences between two Arabidopis species (A. thaliana and A. halleri) 
that differ in sensitivity to Cu2+ toxicity showed that only five genes differed in 
expression level between the two upon Cu2+ challenge (Weber et al., 2006).  One of these 
is AtNLAT3;1 which was upregulated 16-fold by copper (Cu2+) stress.  The only other 
transporter upregulated was a member of ZIP family of Zn2+ and divalent metal 
transporters.  A potential co-transport role for anions by AtNLAT3;1 is possible.  With 
respect to anion homeostasis, previous work shows that toxic levels of copper inhibit the 
uptake of nitrate (Weber et al., 1991). 
 In another study, Yang and co-workers researching Poncirus trifoliate identified 
an NLAT gene (Q8H6R3), which belongs to clade 5 in a disease-resistant locus 
implicated in conferring protection of Poncirus trifoliate to Citrus tristeza virus (CTV), a 
viral infection of citrus trees (Yang et al., 2003).  This observation suggests that the P. 
trifoliate Q8H6R3 NLAT might have a transport function related to plant defense.  
Further analysis, possibly taking advantage of the powerful genetic tools available 
through Arabidopsis will help elucidate potential biological functions for these various 
NLAT genes. 
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